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ABSTRACT 


There  are  many  options  open  for  manipulation  of  the  transportation 
system,  and  many  impacts  on  different  groups  which  must  be  considered. 
Prediction  of  the  impacts  associated  with  a  particular  set  of  options 
requires  prediction  of  the  corresponding  pattern  of  flows  which  will 
occur  in  the  multimodal  transportation  netw_i.k,  using  a  complex  system 
of  models. 

The  problem  of  "search"  is  to  generate  alternative  tranpsortation 
systems  sufficiently  attractive  to  be  worth  testing  by  predicting  the 
impacts.  The  problem  of  "choice"  is  to  rank  the  alternatives  based 
upon  evaluation  of  their  predicted  Impacts. 

The  objective  of  the  research  reported  here  was  to  design  a  program 
of  research  to  develop  techniques  for  searching  out  and  choosing  among 
transportation  systems  alternatives.  The  approach  included  investigation 
of  the  substantive  problem,  transportation  systems  analysis;  investigation 
of  the  process  of  analysis;  review  of  possible  approaches  to  search; 
conduct  of  a  ^prototype  analysis"  to  demonstrate  concepts  and  techniques; 
development  of  specific  experimental  methods  and  techniques;  and  formulation 
of  a  program  of  research. 

The  basic  conclusions  are; 

1.  The  core  of  the  transportation  systems  problem  is  the  pre¬ 
diction  of  equilibrium  flows  in  networks,  via  oupply-demand  concepts. 

2.  Transportation  is  essentially  discriminatory  in  its  impacts; 
the  differential  impacts  must  be  traced  out  explicitly. 


3.  The  systematic  analysis  of  transportation  problems  requires 


careful,  sensitive  exploration  of  tradeoffs  among  many  options  and 
Impacts. 

4.  The  prototype  analysis  demonstrates  the  feasibility  of  this 
approach,  but  also  raises  issues. 

5.  To  resolve  these  issues,  it  is  useful  to  view  transportation 
systems  analysis  as  a  problem-solving  process. 

6.  A  variety  of  specific  operational  techniques  can  be  developed 
to  make  transportation  analysis  a  more  efficient  process. 

The  results  of  the  research  are  summarized  in  this  report  and 
detailed  in  seventeen  related  volumes. 
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INTRODUCTION 


3 


1.0  Why  Search  and  Choice? 

We  Americans  are  a  gadget-oriented  culture;  our  first  priorities 
are  always  hardware.  We  are  fascinated  by  the  supersonic  transport, 
the  air-cushion  vehicle,  the  "tube-train"  concepts  of  high-speed  ground 
transportation.  We  can  almost  always  find  support  for  development  of 
equipment,  while  planning  an  analysis,  which  leads  only  to  clarification 
of  alternatives  and  their  impacts,  has  much  harder  going.  Certainly, 
these  "soft"  studies  get  far  less  coverage  in  me  press  than  the  new 
gadgets. 

So  it  is  with  transportation.  Historically,  transportation  engineers 
have  always  felt  more  comfortable  dealing  with  the  "hard"  issues  -  vehicle 
design,  concrete  mix,  navigation  and  propulsion  systems,  precise  geometric 
layout  of  highways  -  than  with  the  impacts  these  transportation  systems 
and  facilities  have  on  society.  This  is  no  longer  feasible,  however  -  for 
now  it  has  become  clear  that  transportation  is  not  a  question  of  hardware 
alone,  but  of  social  and  political  choice. 

At  its  core,  transportation  is  a  technological  problem,  insofar  as  the 
alternatives  open  to  us  are  constrained  by  the  present  state  of  technology. 
However,  the  real  issues  in  transpo: tat  ion  are  not  the  alternative 
technologies,  but  their  ramifications*  the  impacts  which  each  alternative 
transportation  system  has  upon  the  various  segments  of  a  society. 

To  explore  this  further,  consider  the  range  of  choices  open  to  us. 

The  most  basic  transportation  decision,  choice  of  mode,  involves  specification 
of  largely  technological  parameters:  choice  of  propulsion  system,  supporting 
way,  guidance  system,  and  vehicle  shape  and  dimensions.  These  parameters 
establish  a  basic  envelope  within  which  further  dec;  ions  can  he  made 
about  the  performance  characteristics  of  the  links,  he  structure  of  the 
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i.’twork,  and  how  the  sy-*-em  will  be  operated.  The  resultant  of  all  these 
decisions  is  a  particular  transportation  system  design. 

Each  particular  system  thus  specified  can  also  be  characterized  by 
the  pattern  of  services  it  provides,  and  particularly  oy  the  differences 
in  services  provided  to  various  groups,  both  users  and  non-users.  The 
bunile  of  impacts  of  such  a  system  is  varied  and  large,  as  is  the  number 
and  variety  of  groups  affected. 

This  leads  us  to  the  definition  of  "search  and  choice".  Search  is 
this  problem:  given  a  statement  of  goals,  can  we  design  a  transportation 
system  which  seems  reasonably  likely  to  achieve  those  goals.  Choice  is  the 
converse  problem:  given  several  alternative  transportation  systems, 
can  we  determine  which  is  the  preferred  alternative.  Of  course,  there  is 
a  certain  sequence  implied  here:  first,  we  go  through  the  search  process 
to  develop  several  alternatives.  Then,  we  "test"  each  of  the  alternatives 
by  inputting  them  to  a  set  of  predictive  models,  to  Identify  the 
consequences  which  each  alternative  might  have  in  the  real  world.  Finally, 
we  evaluate  those  consequences  and  come  up  with  a  preference  ordering  over 
the  alternatives. 

Why  is  search  and  choice  a7'  issue  worth  discussing?  For  a  quick 
answer,  let  us  review  briefly  several  transportation  systems  problems 
currently  being  studied: 

a.  Research  and  development  of  new  transportation  technology.  What  cost 
and  service  characteristics  should  new  technologies  achieve?  What 
kinds  of  urban  transportation  or  high  speed  ground  transportation 
systems  should  we  be  trying  to  develop?  Do  we  simply  exploit  the 
most  easilv  available  technology,  or  do  we  try  to  steer  research 
and  development  to  achieve  a  technology  that  will  meet  some  need? 
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b.  Regional  transportation  systems,  such  as  the  Northeast  Corridor. 

What  pattern  of  services  should  be  provided  over  the  next  40 
years?  Should  new  facilities  reinforce  the  pattern  of  existing 
transportation  lines,  or  should  the  existing  system  be  modified  in 
fundamental  ways?  Is  it  sufficient  to  increase  service  characteristics 
through  improvement  to  existing  facilities,  vehicles,  and  operating 
procedures,  or  aie  completely  new  facilities  and  equipment  desirable? 
Where  should  new  facilities  be  built?  What  are  the  noise  and  air 
pollution  ramifications  of  the  alternatives? 

c .  The  urban  highway  crisis.  Many  of  our  metropolitan  area  transportation 
systems  are  predominantly  highway-oriented,  with  little  or  no  role 

for  rail  rapid  transit  or  other  public  transportation  systems.  A 
highway -oriented  system  generally  serves  the  upper-and  middle-income 
car-owning  suburbanites  better  than  the  central  city  resident.  Generally, 
the  construction  of  a  highway  system  does  not  improve  the  low- 
income,  elderly,  or  handicapped.  Not  only  does  it  not  improve  their 
accessibility,  but  it  also  may  violently  disrupt  their  lives  - 
for  construction  of  new  highway  facilities  often  displaces  substantial 
numbers  of  these  same  families. 

In  each  of  these  problems,  there  are  many  issues.  Obviously,  new 
technologies  which  provide  better  service  at  lower  cost  in  dollars  and 
land  area  are  needed.  But  there  is  a  mere  fundamental  issue,  that  of 
social  equity.  Every  transportation  system  change  is  potentially  an 
improvement  for  some  groups  and  a  disaster  for  others.  These  differentials 
must  be  considered  explicitly  in  making  transportation  system  decisions. 


Thus,  the  problem  of  searching  out  and  choosing  among  transportation 
systems  alternatives  covers  the  spectrum  from  the  basic  physics  and 
economics  of  transport  technologies,  to  the  politics  of  social  change. 

On  the  one  hand,  the  range  of  transportation  alternatives  is  growing 
rapidly;  on  the  other  hand,  there  are  many  dynamics  in  our  society 
with  which  transportation  interacts.  The  problem  of  search  and  choice 
is  to  bridge  these  two  concerns  in  a  sensitive,  operational  way. 


2.0  Recognition  of  the  Problem 


Ferguson  has  laid  out  some  of  the  issues  in  developing 
systems  alternatives:^ 

At  one  time  the  preparation  of  an  urban  transportation  plan 
was  approached  as  an  engineering  problem  that  had  as  its  principal 
goal  the  development  of  a  workable  solution.  Today,  workability 
alone  may  not  be  enough.  True,  plans  for  urban  transportation 
systems  must  be  functional;  but  plans  must  also  represent  an 
efficient  allocation  of  resources  and  a  step  toward  the  achieve¬ 
ment  of  a  better  overall  urban  environment.  These  more  complex 
demands  on  the  urban  transportation  plan  mean  that  a  meaningful 
solution  can  be  achieved  only  after  a  thorough  search  for 
alternative  workable  transportation  systems  that  have  been  evaluated 
in  terms  of  their  vai'ous  attributes. 

He  went  on  to  point  out  that  there  has  been  very  little  research  on 

the  process  of  developing  transportation  systems  alternatives.  Further, 

the  systems  alternatives  which  have  been  studied  in  most  urban  areas 

have  been  heavily  biased  toward  existing  and  committed  systems. 

This  problem  became  even  more  evident  in  the  context  of  transport 

systems  planning  for  the  Northeast  Corridor  region  of  the  United  States, 

In  this  effort,  a  wide  range  of  alternative  transportation  technologies 

were  teing  considered,  some  of  which  might  have  profound  effects  on  the 

region.  The  spectrum  of  possibilities  for  specific  systems  in  the 

region  is  immense,  and  their  ramifications  complex.  Research  in  searching 

out  and  choosing  among  alternatives  was  needed. 

The  need  for  fundamental,  exploratory  research  in  this  area  was  recognized 

by  A.  Scheffer  Lang,  then  Deputy  Undersecretary  of  Commerce  for  Transportation 

Research,  and  Henry  W.  Bruck,  then  Director,  Transport  Systems  Planning 

Division,  Office  of  High  Speed  Ground  Transportation.  Their  interest  and 

support  stimulated  the  initiation  of  this  research  project. 


*  Ferguson ,  George  A.,  "Development  of  Transportation  Systems  Alternatives", 
in  TRANSPORTATION  SYSTEM  EVALUATION,  Highway  Research  Record  148, 
Washington,  D.  C. :  Highway  Research  Board  (19bh). 
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3.0  Objectives  of  the  Research  Program 

The  basic  objective  of  this  research  project  was  the  design  of 
a  program  of  methodological  research  on  the  construction  of  transportation 
system  alternatives,  through  review  of  relevant  methodologies  and 
procedural  models,  and  theoretical  developments  and  initial  experiments. 
During  the  course  of  this  work,  M.I.T.  wes  requested  to  redirect  a 
part  of  the  effort,  in  order  to  design  and  carry  out  a  prototype  analysis 
to  demonstrate  the  methodology  and  concepts  being  developed  in  this 


project. 
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4.0  Organization  of  the  Report 

The  report  of  this  research  is  presented  in  a  number  of  volumes. 

Volume  I  is  a  summary  report,  presenting  an  overview  of  search  and 
choice  in  transport  systems  planning.  Includ'd  also  in  Volume  I  are 
abstracts  of  all  the  other  volumes  in  the  series.  The  remaining  volumes 
contain  detailed  expositions  of  specific  portions  of  the  research.  In 
addition,  completed  theses  have  been  transmitted  separately. 

The  conduct  of  this  research  followed  generally  the  lines 
initially  laid  out  in  an  early  philosophical  paper. *  The  following  were 
the  major  areas  of  emphasis  in  the  research: 

a.  investigation  of  the  nature  of  the  substantive  problem, 
transportation  systems  analysis 

b.  investigation  of  the  nature  of  the  analysis  process 

c.  reviev  of  possible  approaches  to  search 

d.  development  of  a  "prototype  analysis"  to  demonstrate  concepts 
and  techniques 

e.  formulation  of  a  program  of  research. 

the  results  of  research  in  these  areas  are  summarized  in  the 

2 

following  chapters  of  this  volume.  The  basic  argument  in  these  chapters 
is  as  follows: 

a.  Chapter  II:  The  Substantive  Problem-Transportation  Systems  Analysis 
There  are  many  options  open  for  manipulating  the  transportation 

*Manhelm,  Marvin  L.,  "Transportation,  Problem-Solving,  and  the  Effictive 
Use  of  Computers,"  TRANSPORTATION  SYSTEM  EVALUATION,  0£.  cit. 

"This  summary  volume  draws  heavily  on  material  in  other  reports  of  this  series. 
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system,  and  many  impacts  which  must  be  considered,  lo  predict  the  impacts 
associated  with  a  particular  set  of  options  requires  prediction  of  the 
corresponding  pattern  of  flows  which  will  occur  in  the  multi-mode 
transportation  network.  The  basic  logic  of  this  prediction  is  that  of  supply- 
demand  equilibrium.  However,  making  this  logic  operational  in  the  network 
context  requires  a  complex  system  of  models.  Thus,  to  predict  the  impacts 
associated  with  only  one  alternative  transportation  system  requires 
significant  computational  resources. 

This  equilibrium  framework  is  present  to  some  extent  in  urban  trans¬ 
portation  and  other  transportation  systems  activities.  However,  urban 
transportation  procedures  do  not  implement  the  equilibrium  framework  as 
effectively  as  they  might. 

The  problem  of  "search"  is  to  generate  alternative  transportation  systems 
sufficiently  attractive  to  be  worth  "testing"  by  predicting  the  impacts. 

The  problem  of  "choice"  is  to  rank  the  alternatives  based  upon  evaluation 
of  their  predicted  impacts.  To  systematically  analyse  a  transportation 
problem,  a  wide  variety  of  alternative  options  must  >e  explored  and  their 
differential  impacts  traced  out  explicitly. 

A  simple  model  which  illustrates  the  ideas  presented  is  described, 
b.  Chapter  III:  A  Prototype  Analysis  -  The  Northeast  Corridor 

To  demonstrate  the  feasibility  and  utility  of  systematic  analysis 
In  the  supply-demand  equilibrium  context,  a  "prototype  analysis 
of  passenger  transportation  in  the  Northeast  Corridor  was  conducted.  A 
problem-oriented  computer  language  was  developed  (through  additions  to 
previous  capabilities),  and  a  realistic  dtta  base  was  assembled.  The 
computer  language-  allows  ust  of  such  options  as  fare  and  frequency  of  service, 
as  well  as  network  changes;  and  finds  network  equilibrium  consistent 


with  the  Baumol-Quanut  multi-mode  demand  model,  through  a  variable 
increment  approach.  The  outputs  identify  the  impact  of  the  resulting 
equilibrium  flow  pattern  on  various  users  and  transportation  operators,  on 
government  taxes  and  revenues,  and  on  regional  growth  (based  upon  simple 
models) . 

This  computer  language  provides  a  ’’laboratory"  in  which  experiments 
can  be  conducted  to  simulate  the  effects  of  policy  changes  on  the  trans¬ 
portation  system.  To  demonstrate  some  of  the  experiments  possible  with 
this  computerized  laboratory,  analyses  were  made  of  a  simplified  representation 
of  the  Northeast  Corridor  transportation  system  (five  zones,  four 
transportation  modes). 

These  analyses  demonstrate; 

1.  the  feasibility  of  developing  a  supply-demand  equilibrium 
model  for  transportation  analysis; 

2.  the  difference  between  equilibrium  and  non-equilibrium  approaches 
to  the  problem; 

3.  how  different  options  and  impacts  can  be  included  in  a  network 
model  so  that  their  interactions  can  be  studies; 

4.  how  tradeoffs  between  options  can  be  explored; 

5„  the  technique  of  differential  impact  analysis  through  tracing  cui 

impacts  among  different  actors  as  the  options  are  varied; 

6.  sensitivity  analyses; 

7.  effects  of  alternate  tine-stagings  of  investments. 

c.  Chapter  IV:  The  Problem-Solving  Process  in  Transportation  Systems 
Analysis  r 

The  supply-demand  equilibrium  formulation  provides  a  mechanism 
for  predicting  the  impacts  associated  with  a  particular  set  of  options. 
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Prediction  is  only  part  of  the  problem,  however.  Search  techniques  are 
required  to  generate  alternative  sets  of  options,  as  well  as  procedures 
for  evaluating  the  Impacts  and  choosing  among  the  alternatives.  Thus, 
systematic  analysis  in  transportation  is  complex,  and  transportation 
systems  analysis  must  be  viewed  as  a  problem-solving  process. 

After  review  of  the  limitations  of  the  "rational"  model  of  decision¬ 
making,  a  theoretical  model  (the  PSP  model)  is  proposed  in  answer  to  these 
limitations.  The  applicability  of  the  PSP  model  is  demonstrated  through  review 
of  the  prototype  analysis.  Several  operational  implications  of  the  PSP 
model  are  described,  including  DODO,  a  computerized  information  system  for 
organizing  the  data  of  many  computer  runs;  network  aggregation;  and  the 
goal  fabric  technique.  Computer  graphics  and  the  treatment  of  uncertainty 
are  also  discussed.  Finally,  the  interaction  of  the  technical  analysis  with 
the  political  process  is  discussed,  leading  to  a  conception  of  an 
evolutionary  planning  process  for  evolutionary  transportation  systems. 

d.  Chapter  V:  Search: 

There  is  no  single  procedure  for  generating  alternative  transportation 
systems  (to  be  tested  in  the  flow  prediction  models)  which  is  the  best 
to  use.  Instead,  a  variety  of  search  procedures  might  be  used  in  a 
flexible  way  in  an  interactive  computer  environment.  Useful  procedures 
will  include  mathematical  optimization  formulations  (including  branch 
and  bound  techniques)  as  well  as  heuristic  procedures.  Multi-level  structures 
and  other  more  complex  search  strategies  should  be  developed  and  tested. 

e.  Chapter  VI:  Summary  of  Conclusions.  Recommendations  and  other 

Results : 

The  conclusions  of  the  research,  particularly  the  recormnended  program 

of  further  research,  and  the  specific  techniques  developed,  are  summarized. 
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The  major  conclusions  and  recommendations  are: 

1.  Transportation  systems  should  be  analysed  as  network 
equilibrium  problems. 

2.  Systematic  analysis  of  alternative  transportation  policies 
requires  exploration  of  tradeoffs  among  options  with 
explicit  identification  of  differential  impacts. 

3.  The  prototype  analysis  of  the  Northeast  Corridor  demonstrates 
the  feasibility  of  systematic  analysis  in  a  network  equilibrium 
context. 

4.  The  process  of  analysis  in  transportation  must  be  organized 

as  a  problem-solving  process,  with  iterative,  flexible  structure, 
which  interacts  over  time  with  the  political  process. 

5.  A  balanced  program  of  research  in  "methods  for  searching  out 
and  choosing  among  transportation  systems  alternatives"  should 
include  research  on: 

a.  the  substantive  problem  -  development  of  models  for 
transportation  analysis,  including  supply,  demand, 
resource  requirements,  demand  shifts,  and  network 
equilibrium,  in  a  modular,  fit  ible  system  of  models; 

b.  the  analysis  process  -  development  of  procedures  and 
techniques  for  organising  and  structuring  analysis,  including 

(i)  an  interactive,  flexible  software  environment, 

(ii)  a  variety  of  search  procedures, 

(iii)  network  aggregation  procedures, 

(iv)  decision-oriented  data  organization  capabilities 


such  as  DODO; 
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(v)  flexible  evaluation  procedures  such  as  goal  fabric 
analysis,  and 

(vi)  techniques  for  evolutionary  planning  in  the  face 
of  uncertainty; 

c,  prototype  analyses  -  to  stimulate  and  guide  research  ii 
the  substantive  problem  and  in  the  analysis  process,  a 
series  of  prototype  analyses  of  specific  transportation 
systems  problems  should  be  conducted. 


5.0  Summary  of  Conclusions 


Stated  as  concisely  as  possible,  our  basic  conclusions  are: 

1.  The  core  of  the  transportation  systems  problem  is  the 
prediction  of  equilibrium  flows  in  networks,  via  supply- 
demand  concepts. 

2.  Transportation  is  essentially  discriminatory  in  its  impacts; 
the  differential  impacts  must  be  traced  out  explicitly. 

3.  The  systematic  analysis  of  transportation  problems  requires 
careful,  sensitive  exploration  of  tradeoffs  among  many 
options  and  impacts. 

4.  The  prototype  analysis  demonstrates  the  feasibility  of  this 
approach,  but  also  raises  issues. 

5.  To  resolve  these  issues,  it  is  useful  to  view  transportation 
systems  analysis  as  a  problem-solving  process. 

6.  A  variety  of  specific  operational  techniques  can  be  developed 
to  make  transportation  analysis  a  more  efficient  process. 


Chapter  II 


THE  SUBSTANTIVE  PROBLEM  -  TRANSPORTATION  SYSTEMS  ANALYSIS 
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1 . 0  Introduction 

The  objective  of  this  chapter  is  to  outline  the  basic  structure 
of  a  transportation  systems  analysis.  This  is  an  essential  prelude 
to  any  discussion  cf  the  problem  of  search  and  choice. 
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2 . 0  Th.'  Basic  Transportation  Options 

There  is  a  wide  spectrum  of  aspects  of  a  transportation  system 

which  can  be  varied.  Not  all  of  these  aspects  are  open  to  a  single 

decision-maker,  nor  are  all  open  at  the  same  time.  This  spectrum 

of  ontions,  or  '’decision  variables,"  may  be  summarized  as  follows: 

1.  technology  -  Development  and/or  implementation  of  new 

combinations  of  transportation  components  which  enable  transportation 

services  to  be  offered  in  wavs  which  were  not  previously  available. 

Fxamples:  containers,  containerships  and  piggy-back  trucks  and  rail 

cars;  the  supersonic  transport;  new  urban  mass  transportation  concepts, 

such  as  the  Westinghouse  "Skybus"  system,  and  the  various  "C-enie"- 

1 

type  systems  featuring  dynamically  routed  and  scheduled  vehicles. 

Options  about  technology  include  fundamental  decisions 
about  the  means  of  propulsion;  the  medium  through  which  the  vehicle  travels, 
and  supporting  way  and  suspension  systems;  vehicle  size,  shape  and 
characteristics;  guidance  and  control  system;  cargo  or  passenger  compartment 
characteristics  and  basic  services  provided;  typical  route  and  network 
structure;  general  mode  of  operations,  and  other  characteristics.  Decisions 
must  be  made  about  these  ontions  within  the  constraints  of  technological 
feasibility,  but  there  is  a  wide  range  of  options  nevertheless,  even  at 
the  present  state  of  transportation  technology  (and  we  are  about  to 
see  a  very  raoid  growth  in  the  variety  of  specific  technologies  available 

^Hanson,  Mark,  (ed.)  PROJECT  METRAN,  Cambridge,  Mass:  M.T.T.  Press  (1966); 
Department  of  Housing  and  Urban  Development,  TOMORROW'S  TRANSPORTATION, 
Washington,  D.C.:  Government  Printing  Office  (1968). 
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1 

for  urban,  inter-urban,  and  developing  country  country  contexts). 

2.  networks  -  Options  about  networks  include  the  general 
configurational  pattern  of  the  network  as  well  as  the  approximate 
geographi  location  of  the  links  of  the  network.  Examples  are  the 
typical  grid  system  of  many  of  our  cities,  versus  a  series  of 
radical  and  concentric  circles. 

3.  link  characteristics  -  Networks  consist  of  links  and 

modes.  Links  correspond  to  routes,  such  as  highways,  airways,  rail  lines, 

urban  streets.  Where  it  is  necessary  to  model  the  characteristics  of 

intersection  points  within  a  single  mode  -  such  as  highway  intersections, 

rail  yards  -  and  of  transfer  points  between  modes  -  airports,  rail 

2 

terminals,  bus  stops  -  these  are  also  represented  as  links.  Nodes 
simply  express  the  connectivity  relations  of  links  in  the  network. 

Options  include  the  detailed  physical  location  of  links  and  nodes; 
and  such  characteristics  of  the  links  as  impact  upon  flows  as:  the 
choice  of  technology,  as  well  as  the  m  ibex  of  lanes  of  highway  or 
tracks  ailroad,  the  grades  and  curves  of  the  roadwav,  the  type  of 


1 

Clearly,  the  repertory  of  technologies  available  at  a  particular 
time  constrains  the  possible  detailed  decisions  about  system  design. 

One  could  easily  argue  that  the  current  im.nasse  in  the  highway-mass 
transit  controversy  arises  because  neither  alternative  is  wholly 
satisfactory  -  and  onlv  new  technologies  for  urban  transportation  will 
resolve  the  political  conflicts. 

2 

Generally  we  will  adopt  the  convention  of  most  transportation 
network  analyses  and  assume  all  flow  properties  are  represented  in  links 
while  nodes  create  no  barriers  to  flow.  Where  node  properties  should  he 
modeled  -  as  clearlv  the  transfer  time  at  a  rail  terminal  or  airnort  -  we 
will  do  so  by  a  subnetwork  of  links  in  the  model  which  represents,  and 
has  the  same  properties  as,  the  nodes.  Thus,  nodes  only  serve  to  express 
the  topology  of  a  network. 
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signalling  or  traffic  control,  the  internal  layout  of  a  freight 
terminal,  etc. 

4.  vehicles  -  Most  transportation  modes  have  vehicles  (exceptions: 
pipelines,  conveyors).  The  major  options  include  the  numbers  of 
vehicles  in  the  system,  and  their  characteristics.  (Note  that  the 

choice  of  technology  or  technologies  sets  broad  ranges  to  such  options 
as  networks,  links,  vehicles,  and  operating  policies,  but  detailed 
decisions  must  still  be  made  within  the  feasible  range.) 

5.  system  operating  policies  -  This  set  of  options  includes 
the  full  spectrum  of  decisions  about  how  the  transportation  system 
is  ooerated.  The  networks,  links  and  vehicles  establish  an  envelope 
of  possibilities;  within  that  envelope  a  large  variety  of  detailed 
operating  decisions  must  be  made.  These  options  include:  routes 
and  schedules  of  the  vehicles;  types  of  service  to  be  offered, 
includiny  various  services  auxiliary  to  transportation  (passenger 
meal  services;  diversion  and  reconsignment  privileges  fo-  freight); 
prices  to  be  charged  (both  general  pricing  policy  and  snecific 
pricing  decisions);  financing,  subsidy,  and  taxing  schemes;  regulatorv 
decisions;  etc.  Some  of  these  operating  poliev  options  can  be  varied 
almost  on  a  day-to-day  basis;  others,  such  as  pricing  nollcv  and 
regulatory  decisions  of  entrv  of  new  carriers,  may  be  unchanged  for 
decades . 

This  3et  of  transportation  >r.tions  fully  defines  the  space 
of  possible  transportation  plans  and  policies,  however,  these 
options  are  not  exercised  in  a  vacuum,  but  in  the  context  of  a 
system  of  social  and  economic  activities. 
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3 . 0  The  Non-Transportation  Options:  The  Activity  System 

The  activity  system  is  defined  as  all  the  social,  economic, 
political  and  other  transactions  which  take  place  over  space  and 
time  in  a  particular  region.  These  transactions,  both  actual  and 
potential,  determine  the  demand  for  transportation,  and,  in  turn, 
the  levels  and  spatial  patterns  of  these  interactions  are  affected 
in  part  by  the  transportation  services  provided.  Therefore,  in 
modelling  transportation  svstems,  we  must  clearly  identify  those 
option?  in  the  activity  system  which  v/i 3 1  be  expressed  in  the  demands 
on  the  system: 

1.  travel  options  -  These  are  the  options  open  to  everv 
potential  user  of  the  transportation  system:  whether  to  make  a  trio 
at  all,  where  to  make  it,  when,  and  how  -  by  what  mode  and  route. 
These  options  apply  to  the  individual  traveler  and  tc  the  shipper  cf 
freight.  The  decisions  actually  made  by  the  shipper  or  traveler 
will  be  based  in  part  upon  the  perceived  characteristics  of  the 
transportation  svstem,  and  in  part  upon  the  accual  and  potential 
patterns  of  transactions  in  the  activity  system.  The  aggregate 
result  of  all  the  individual  decisions  about  travel  are  expressed  as 
the  demand  for  trnr.srortat  ion. 

2,  activity  system  options  *-  Almost  all  of  the  social, 
economic  and  political  actors  in  the  activity  syster  has  a  wide 
range  of  options  about  how,  when  and  where  he  will  conduct  his 
activities.  Over  the  long  term,  these  options  profoundly  influence 
the  demand  for  transportation.  ror  example,  as  major  changes  in  a 
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transportation  system  are  made  over  time,  the  spatial  pattern  of 
population  and  economic  activity  will  change,  as  actors  exercise  their 
options  for  changing  the  location  or  scale  of  their  activities. 

Forces  within  the  economy  external  to  the  transportation  system,  such 
as  housing  subsidies  or  mortgage  policy,  may  impact  on  the  spatial 
pattern  of  activity,  and  thus  affect  the  demand  for  transportation. 

These  options  are  in  the  hands  of  a  large  varietv  of  public 
and  private  decision-makers.  Tn  many  transportation  analyses, 
most  of  these  options  must  be  treated  as  exogenous,  completely 
uncontrollaole  fcv  the  transportation  analyst:  for  example,  rate  of 
economic  growth,  sectoral  and  regional  patterns  of  growth, 
aggregate  ponulat ion .  The  exercise  of  some  of  these  options  by 
various  decision-makers  will  be  partially  influenced  by  transportation; 
transportation  will  affect  the  detailed  distribution  of  population 
and  employment  within  a  region.  Still  other  options  are  controllable 
to  some  extent  in  explicit  coordination  with  transportation  options  - 
such  non-transport  options  as  control  of  land-use  through  zoning  and 
land  development  incentives. 

Whether  fullv  controllable  or  not,  however,  the  full  set  of 
transportation  and  activity  svptem  options  must  be  considered  in  any 
analysis . 
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4 . 0  The  Impacts  of  Transportation 

When  evaluating  alternative  transportation  systems,  one.  would 
] ike  to  consider  all  relevant  impacts.  Any  change  in  the  transportation 
system  can  potentially  affect  a  large  vat  ety  of  groups  and  interests. 

The  prospective  impacts  can  be  grouped  as  follows: 

1.  users  -  by  location  withing  the  region,  by  trip  purpose 
and  by  socio-economic  group;  examples:  suburban  resident  commuting 
to  central  city  job;  low-income  non -car-owning  resident  of  center 
city  travelling  to  health  facilities; 

2.  operators  -  by  mode  by  link;  examples:  air  carrier, 
trucker,  highway  maintenance  agency,  port  authority,  toll  bridge 
operator ; 

J.  physical  -  hv  type  of  impact,  by  link;  examples:  families, 

jobs,  taxable  va]ues  displaced  by  new  construction;  pollution  of 
immediate  environment  through  noise,  fumes,  air  pollution,  and  ground 
water  chanees; 

4.  functional  -  bv  location  within  region,  bv  type:  examples: 
changes  in  retail  sales  areas  of  shopping  center;  changes  in  production 
costs;  changes  in  land  values; 

5.  governmental  -  bv  location,  by  level;  examples:  local 

1 

state,  national  representatives;  citizen  groups. 

An  essential  characteristic  of  iransportat ion  is  the  differential 
incidence  of  its  impacts.  Some  groups  will  gain  from  an'-  transportation 

Vor  alternative  typologies  see  Kanwit,  Edmond  I..,  "Some  Aspects  of  th 
Social  Impact  of  Urban  Transportation;"  Edwin  N.  Thomas  and  Joseph  L. 
Sehofer,  "Information  Ketiui rements  for  Evaluating  the  Social  Impacts  of 
Transport  a t i on  Investments;"  Nash,  William  W. ,  Jr.,  "Pi sagcreeat ’ ve 
impact  studies:  their  <'«>t*-»t  ini  use  in  transport  dec  i  s  i  or-- .  "  TK  \N>' !vk  ; 

A  S!  Hv  I  t'l  ,  New  Vo  rt :  Nov  ver!  Video'  of  Sciences 
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system  chance;  others  may  lose.  Therefore,  transportation  choices 
are  essentially  socio-political  choices:  the  interests  of  different 
groups  must  be  balanced. 
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5 . 0  Prediction:  bssic  concepts 

Any  proposed  change  in  a  transportation  system  (or  a  completely 
new  system),  can  be  expressed  in  terms  of  the  options  identified  above. 

The  problem  of  prediction  is  to  anticipate  the  impacts  which  a 
particular  proposal  will  have:  that  is,  we  need  procedures  for 
predicting  the  impacts  associated  with  any  sets  of  options.  (Figure  I I— 1 ) 
In  transportation,  the  imnacts  depend  upon  the  pattern  of  flows  in  the 
network  which  will  result  from  the  particular  set  of  options. 

The  core  of  the  transnortat ion  analysis  nroblem  is  the  prediction 
of  network  flows:  specification  of  the  transportation  system  T  and 
the  activity  system  A  indies  the  pattern  of  flows  F.  Once  the 
options  with  respect  to  transportation  and  the  activity  system  are 
specified,  the  flows  in  the  system  are  h  consequence  of  those  options. 
Prediction  of  these  flows  is  necessary  for  evaluation  of  the  impacts. 

The  general  framework  for  the  prediction  of  network  flows  is  that 
of  the  equilibrium  between  supply  and  demand . ^  All  the  transportation 
system  options,  T,  can  be  expressed  in  a  set  of  "supply  functions. "S: 
all  the  non-transportat ion  options,  A,  in  a  set  of  "demand  functions," 

D.  Then,  within  the  constraints  of  the  transportation  channels  specified 


XWohl ,  Martin,  and  Brian  V.  Martin,  TRAFFIC  SYSTEM  ANALYSIS  FOR 
ENGINEERS  AND  PLANNERS,  New  York:  McGraw-Hill  (1°67) ;  Hershdorfer,  Alan, 
"Predicting  the  Equilibrium  of  Supple  .-.ml  Demand:  Location  Theory  and 
Transportation  How  Models,"  PAPERS  SEVENTH  ANNUAL  MEETING,  Transportation 
P.esearch  Forum  (1966);  Manhoin,  Marvin  L.,  "Princinles  of  Transport 
Systems  Analysis,"  loo .  cijt.:  Beckmann,  Mnrtin,  "On  the  Theorv  or  Trdfi 

Flow  in  Networks,"  TRAFFIC  QUARTERLY  (January  1967);  Jewell,  V. 

"Models  for  Traffic  Assignment,"  TRANSPORTATION  RESEARCH  1:1  (1967); 
Nelson,  James  R.,  "Pricing  Transport  Services,"  in  Garv  Fromm,  (ed.), 
TRANSPORT  INVESTMENT  AND  FCONOMT  DF\TLOPMFNT,  Washington  D.C.:  The 
Brookings  Institute  (1965' ;  Hdlehnwr,  Richard  R.,  "Characteristics 
of  Transport  Modes,"  in  Fromm,  o'.  rit. 
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THE  PREDICTION  PROBLEM: 
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Figure  II-l:  The  Prediction  Problem 
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as  part  of  T,  the  equilibrium  of  S  and  D  is  a  pattern  of  flows,  F. 

The  elements  of  this  pattern,  F,  are  the  volumes  and  characteristics 
of  the  flows  over  each  link  of  the  transportation  network:  what 
flows  over  a  link,  from  what  origin  zones,  to  what  destination  zones, 
at  what  speed,  cost,  etc. 

The  key  concept  allowing  this  formulation  to  be  workable  is  that 

of  a  vector,  L,  of  "service"  variables.  The  level  of  service,  L,  which 

a  particular  set  of  transportation  facilities  provides  can  be  expressed 

in  terms  of  travel  time  (mean  and  variance),  trip  costs  (fares  and 

other  out-of-pocket,  costs,  as  well  as  indirect  costs  such  as  car 

ownership) ,  safety,  comfort  (real  and  psychological)  and  other 

characteristics.  These  service  variables  both  characterize  the 

transportation  system,  and  serve  as  the  basis  for  the  demands  for 
1 

transportation. 

The  general  structure  of  this  analvsis  problem  can  be  expressed 
2 

concisely: 

1.  Definition  of  variables: 

T  =  specification  of  transportation  system,  in  terms  of 
full  set  of  options. 

A  *=  specification  of  activity  system  (including  exogenous 
characteristics) . 

L  =  service  characteristics  of  a  particular  flow  or  set  of  flows. 
V  *  volume  of  flows 

^The  difference  between  perceived  and  actual  service  characteristics 
mav  be  large  and  significant.  Here,  we  shall  rake  no  distinction.  Cr. 

Wohl  and  Martin,  oj>.  c_it. 

2 

These  variables  are  all  vectors,  matrices,  or 


n- d i met s iona 1  nrravs . 
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F  *  pattern  of  flows  in  the  system  *  (L,V) 

2.  Supply  functions: 

L  =  S(T,V) 

3.  Demand  functions: 

V  -  D(A,L) 

4.  Equilibrium: 

L  -  S(T,V) 

V  =  D(A,L) 

i.  e. 

(T,A)  — F  *  (V ,L) 

In  words:  the  level  of  service  (L)  which  the  transportation  system 
supplies  is  a  function  (S)  of  the  transportation  options  (T)  and  the 
volume  of  flow  (V).  The  volume  of  flow  desiring  transportation  is  a 
function  (D)  of  the  activity  system  options  (A)  and  the  level  of  service 
(L).  The  pattern  of  flows  (F)  consists  of  the  volumes  and  the  service 
levels  experienced  by  those  volumes.  The  flow  pattern  which  will 
actually  occur  for  given  (T,A)  is  the  equilibrium  solution  to  the  supply 
and  demand  relations  (2)  and  (3). 

The  graphical  interpretation  of  this  formulation  is  shown  in 

Figure  1 1— 2 v  Simple  Eauilibrium.  In  this  figure  V  and  L  are  assumed 

one-dimensional.  Specification  of  T  and  A  implies  supply  and  demand 

functions  S  and  D.  These  in  turn  imply  an  eauilibrium  flow  pattern  F, 

comprising  a  volume  V,  and  trip  cost,  or  "negative"  level  of  servi-e, 

L  . 
o 

The  value  of  this  formulation  is  illustrated  by  Figure  II-3,  System 
Improvement.  Sq  is  the  supply  function  of  the  previous  system,  with 


•(V 


V 
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corresponding  equilibrium  flow  pattern  F  ■  (V  ,  L  ).  Consider  a 

O  0  0 

possible  improved  system,  S^.  If  we  assume  the  existing  volume  of 

travel,  V  ,  will  occur  on  the  new  system  as  on  the  previous,  we  would 

anticipate  a  service  level  L£,  i.e.,  a  lower  trip  time  because  of  the 

improved  facility.  However,  assuming  a  constant  volume  level  is 

erroneous,  for  the  travel  volume  will  increase  because  of  the  increased 

level  of  service  (decreased  trip  time) .  The  extent  of  this  increase 

in  travel  is  given  by  the  demand  function,  D.  Thus,  the  actual  flow 

pattern  resulting  will  be  that  given  fcv  the  equilibrium  of  D  and  S^: 

F  =  (V^,  L^).  That  is,  the  traffic  volume  will  increase,  and  the  level 

of  service  will  be  intermediate  between  L.  and  L  . ^ 

o  e 

The  prediction  of  flows  in  a  network  is  based,  in  principle,  on 

this  theory  of  equilibrium  between  supply  and  demand.  In  practice, 

prediction  of  equilibrium  flows  in  networks  is  generally  difficult  and 

expensive;  and  as  discussed  below,  most  present  techniques  for  predicting 

network  flows  leave  much  to  be  desired. 

The  maior,  but  bv  no  means  onlv,  difficulty  in  translating  this 

conceptual  framework  into  practice  is  the  role  of  the  network  in 

2 

constraining  the  equilibrium  flow  pattern  : 


Of  course,  since  it  takes  time  to  implement  transportation  system 
improvements  and  population  and  travel  continues  to  increase,  the  demand 
cuive  D  may  meanwhile  have  shifted  upward  and  to  the  right.  Thus,  the 
new  equilibrium  (Vj,  L^)  may  actually  occur  such  that  is  greater  than 

L0:  the  level  of  service  over  the  new  system  is  actually  more  than  the 
level  of  service  over  previous  system  at  the  initial  period,  but  it 
is  better  than  the  level  of  service  which  would  have  resulted  from  the 
old  supply  function  and  the  new  shifted  demand  function. 

2 

Cf.  especiallv  Beckmann:  Jewell;  Hershdorfer,  0£.  cit .  Also, 
Schwartz ,  Jesse  C.,  NETWORK  FLOW  ANT*  SYNTHESIS  MODELS  FOR  TRANSPORTATION 
PLANNING :  A  SURVEY,  Research  Report  R68-A3,  Cambridge,  Mass.:  Department 
of  Civil  Engineering.  M.I.'f.  (1968),  Volume  X  in  a  series. 
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Multiple  demand  functions  -  The  area  to  be  studied  is 
divided  into  zones;  there  is  a  different  demand  function  for  each  pair 
of  zones  (origin  and  destination),  for  different  groups  of  prospective 
trip-makers,  and  for  different  trip  purposes  (passengers)  or  commodity 
types  (freight).  Further,  the  demand  for  transportation  between  each 
zone  pair  is  a  function  of  the  level  of  service  vector,  not  a  single 
"price.” 

2.  Multiple  supply  functions  -  Each  link  of  the  network  is 
represented  by  a  different  supply  function.  Note  that  because  L  is 
generally  a  vector  with  time,  cost,  safety,  etc.,  as  components,  both 
the  supply  and  demand  functions  are  potentially  ver;'  '-•omp.’ex. 

3.  Finding  the  equilibrium  pattern  of  flows  -  Instead  of  a 
simple  graphical  exercise,  the  calculation  of  the  eouilibriura  flows  is 

a  difficult  problem.  Some  of  the  conceptual  and  computational  difficulties 
are: 

a.  the  level  of  service  perceived  by  a  trip  between  two  zones  denends 
upon  which  path  is  taken  through  the  network; 

b.  ‘he  level  of  service  over  any  path  is  a  function  of  the  level? 
of  service  over  each  of  the  links  in  that  path  (e.g.  trip  time 
equals  ihe  sun  of  the  times  over  each  link  in  the  path); 

c.  the  level  of  service  over  a  link  is  a  function  of  tht  total 
volume  over  that  link  (as  given  by  chat  link’s  supply  function); 

d.  the  total  volume  over  a  link  is  '•imposed,  in  general,  of  flows 
between  many  different  zone  paits; 

e.  the  equilibrium  flow  pattern  ia  not  unique;  a  mechanism  of 
trip  behavior  must  be  assumed  in  order  to  determine  a  unique 
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equilibrium.^- 

f.  the  actual  computational  procedures  may  be  difficult  and 
expensive. 


^One  set  of  assumptions  leads  to  the  traffic  assignment  approach 
of  urban  transportation  studies;  other  ;ypes  of  assumptions  lead  to 
various  mathematical  programming  formulations.  See  references  cited 
In  previous  footnote.  For  examples  of  computational  assumptions,  see: 
Ruicer,  Farl  R.,  A  PROTOTYPE  ANALYSIS.  Research  Report  R68-41,  Cambridge, 
Mass:  Department  of  Civil  Engineering,  E'.l.T.  (1968),  Volume  II  of  a 
Series . 
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5 . 1  Hote  on  terminology 

The  use  of  the  term  Supply  functions'"  should  be  explained. 

In  economic  theory,  supply  function  is  usually  defined  as  the 
relationship  between  selling  price  and  the  volume  of  output  that 
woul  ’  be  offered  at  any  given  price.  This  led  to  thi  use  by  Wohl"* 
of  the  pr-* -'e-volume  curve,  indicating  the  price  perceived  by  the  user 
of  a  highway  ’.ink  as  a  function  of  the  volume  of  users  over  that  link. 

In  general,  however,  price  is  not  a  sufficient  indicator  of  what 
a  user  perceives,  as  indicated  by  our  stress  on  L,  level  of  service, 
as  a  vectcr.  The  traditional  usage  of  supply  curves  leeks  at  the 
individual  firm  (or  groups  of  fix  mi)  as  an  actor  operating  according 
to  his  own  internal  logic.  In  this  view,  the  external  observer  is 
solely  concerned  with  trying  to  identify  the  volume  that  would  be 
offered  as  a  function  of  some  externally  given  price,  where  that  price 
is  determined  in  the  marketplace  or  through  some  other  mechanisms. 

Wr  not  want  to  assume  away  the  logic  of  that  decision  of  what 
volume  to  offer.  Rather,  we  want  to  break  out  the  decision  variables 
which  are  within  the  control  of  th?  firn  and  include  those  in  our  vector 
of  options.  Thus,  for  a  ca’-r-'er,  the  question  of  fare  and  schedule 
may,  actually,  be  internally -determined  decisons  based  upon  maximizinp 
net  revenue  (.r  some  ether  criterion.)  However,  from  our  point  o i  view 
as  svsten  analysts,  we  do  not  went  to  assum.  we  Know  that  decision 
rule,  but  want  to  be  able  to  vary  those  options  -  schedule  frequency 

*Wohl  and  Martin,  cir .  ,  sec  tio  n  5.4.1 
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and  fare  -  explicitly.  That  is,  we  want  to  deal  with  the  full 
vector  of  options  explicitly,  regardless  of  which  actors  have  control 
over  particular  subsets  of  options.  Then,  we  are  in  a  position  to 
try  to  identify  those  options  which  are  within  the  control  of  that 
particular  agency  or  firm  for  whom  we  are  doing  the  analysis,  and 
anticipate  how  the  other  options  will  be  manipulated  by  the  actors 
who  have  control  over  these  other  options.  As  we  may  be  able  to 
luence  those  decisions  of  other  actors  directly  or  indirectly, 
it  is  important  that  we  not  subsume  the  decision-making  logic  of  each 
of  these  actors  into  our  predictive  models.  Therefore,  we  have  chosen 
to  keep  all  of  the  decision  options  external  to  the  prediction  process, 
and  have  developed  the  usage  of  the  supply  function  as  indicated. 

The  question  may  well  be  asked,  why  continue  to  call  this  a  supply 
function  if  it  does  in  fact  depart  from  the  traditional  economic  notion? 
The  answer  is  -  that  this  function  still  plays  the  role  of  indicating 
the  relationship  between  service  and  volume  which  will  influence  consumer 
behavior  in  the  marketplace  -  it  does  give  a  .apply  relationship 
which  will  interact  with  demand  functions  ia  determining  market 
equilibrium.  However,  it  is  impotent  to  realize  that  the  production 
process  Is  thus  reoresented  by  two  functional  relationships:  the  supply 
function  or  level  of  service  as  a  function  of  volume;  and  the  resources 
function,  which  gives  costs  or  resources  consumed  (land,  labor,  capital, 
etc.)  as  a  function  of  volume,  both  conditional  on  specification  of  the 
nature  of  the  production  process  -  that  is  the  transportation  options, 

T. 
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6 . 0  Prediction  Models 

To  fully  implement  this  analysis  approach,  five  major  types  of 
models  are  required:^ 

1.  supply  models  -  to  determine  for  any  specified  setting  of 
the  options  what  the  level  of  service  will  be  for  various  flow 
volumes.  Examoies:  travel  tiie  over  a  rail  link  as  a  function 
of  train  length,  schedule  frequency,  roadway,  etc.,  and  volume 
of  passengers;  volume-travel  time  curves  as  used  in  traffic 
assignment  procedures. 

2.  resource  models  -  to  determine  the  resources  consumed  -  land, 
labor,  caoital  -  in  providing  a  particular  level  of  service  with 
specified  options. 

3.  demand  models  -  to  determine  the  volume  of  travel  demanded, 
and  its  composition,  at  various  levels  of  service. 

4.  network  equilibrium  analysis  -  to  predict  the  volumes  that 
will  ar.tuallv  flow  in  a  network  for  a  particular  set  of  supply 
and  demand  functions;  short-term  erui libv'um. 

5.  demand  shift  models  -  to  predict  the  long-term  changes  in 
the  spatial  distribution  and  structure  of  the  activity  system 
as  a  consequence  of  the  short-run  equilibrium  pattern  of 
flows  -  the  "feedback"  effect  of  transportation  on  land  use. 

These  five  are  the  basic  prediction  models  in  transportation.  The 
interrelationships  among  them  are  illustrated  in  figure  1 1-4. 

This  structuring  of  the  transportation  systems  analvsis  problem 
inconvtates  several  hypotheses.  The  first  hypothesis  is  that  this  Is  a 

^The  assistance  of  A.  f.  Lans  in  the  initial  development  of  this 
ty  'olopv  (Aupust,  1964)  is  gratefully  acknowledged. 
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complete  and  useful  summary  of  the  types  of  options  and  impacts.  The 
second  hypothesis  is  that  it  is  meaningful  to  model  transportation 
technology  from  two  perspectives:  in  terms  of  the  service  perceived 
by  prospective  users,  the  "supply"  functions;  and  in  terms  of  the 
resources  consumed  in  providing  that  transportation  service  -  the 
resource  functions.^"  The  third  hypothesis  is  chat  it  is  useful  to 
separate  short-term  and  long-term  equilibrium:  the  short-term  responses 
of  transportation  users,  in  a  "transportation  market"  with  the  activity 
system  fi^ed,  as  represented  by  the  demand  functions;  and  the  long-term 
responses  of  users  and  others  in  a  larger,  more  general  market,  the 
total  economy,  as  represented  by  the  demand  shifts.  The  fourth 
hypothesis,  which  in  a  sense  is  the  operational  test  of  the  second  and 
third  hypotheses,  is  that  valid  predictive  models  can  indeed  be  constructed. 

At  present,  in  addition  to  the  modest  set  of  models  developed 

2 

at  M.I.T.  fcr  the  Prototype  Analysis,  there  are  several  transportation 
systems  analysis  activities  in  which  this  framework  is  being  anMied, 
implicitly  if  not  explicitly.  Three  major  areas  are: 

1.  uroan  transportation  planning 

2.  Northeast  Corridor  Project 

3.  Harvard  Transport  Research  Program. 

The  prediction  portion  of  the  urban  transportation  Manning 
process,  as  it  has  been  established  in  almost  all  cf  the  metropolitan 
areas  of  the  United  States,  consists  of  variants  of  the  following 

*Cf.  next  section. 

2  See  Chapter  III,  Ruiter,  0£.  clt. 
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1 

sequence: 

1.  project  land  use,  population  and  employment  changes; 

2.  predict  trip  ends  generated  in  each  zone; 

3.  predict  interzonal  distribution  of  trip  ends  (e.g.,  using 
gravity  or  opportunity  models); 

4.  predict  modal  split; 

5.  predict  distribution  of  flows  over  the  proposed  network. 

2 

As  pointed  out  by  Wohl  and  Martin;  Deen;  and  others,  there  are  serious 
internal  inconsistencies  in  this  sequence  of  steps,  from  the  point  of 
view  of  an  equilibrium  analysis.  For  example,  the  estimation  of  trip 
ends  assumes  implicitly  a  general  level  of  service  in  the  system,  and 
a  l?vel  of  service  is  assumed  explicitly  for  input  to  the  interzonal 
distribution  calculations  (e.g.,  using  a  gravity  model).  The  last  step 
of  the  process,  traffic  assignment,  predicts  an  "actual"  level  of 
service,  or  set  of  travel  times,  for  flows  in  the  network.  However, 
the  initial  estimates  of  level  of  service  used  for  trip  generation  and 
distribution  are  rarely  revised  to  be  consistent  with  the  travel  times 
which  are  predicted  by  the  traffic  assignment. 

In  sDite  of  these  inconsistencies,  and  other  limitations,  the 
structure  implicit  in  urban  transportation  planning  is  fundamentally 
that  of  the  supply-demand  equilibrium  franework.  The  supply  functions 

^Martin,  Brian  V.,  F.  W.  Kemm.  tt,  and  A.  J.  Bone,  PRINCIPLES  AND 
TECHNIQUES  OF  PREDICTING  FUTURF  DEMAND  FOR  URBAN  AREA  TRANSPORTATION, 
M.I.T.  Report  No. 3,  Cambridge,  Mass:  M.I.T,  Press,  1961 

9 

'"Wolil  and  Martin,  o£.  cj_t . ;  Deen,  Thomas  B.,  'Discussion  on  papers 
by  Campbell  and  George,"  paper  presented  at  47th  Annual  Meeting  of  the 
Highway  Research  Board,  Washington,  D.C.,  1968;  Tanner,  J.  C.,  "Traffic 
Generation  and  Forecasting,"  TRAFFIC  ENGINEERING  AND  CONTROL,  8:3  (July 
1966),  pp.  164-163. 
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are  represented  as  volume-travel  time  functions,  or  simply  link 
capacities  and  travel  times.  The  demand  functions  are  represented  by  the 
sequence  of  predicting  trip  ends,  interzonal  distribution  of  trips 
and  modal  split.  The  network  equilibrium  model  is  the  "traffic 
assignment"  process,  with  the  various  "capacity  restraint"  formulations 
representing  explicit  attempts  to  find  equilibrium  in  the  network, 
given  fixed  demands.  (All-or-nothing  assignments  are  obviously 
very  difficult  to  justify  as  a  meaningful  prediction  of  "equilibrium" 
flows.)  The  resource  requirements  models  are  epresented  in  a 
variety  of  ad  hoc  calculations:  right-of-way,  construction  and 
operating  costs,  etc.  Demand  shifts  models  are  sometimes  explicit, 
as  when  land  use  models  are  used  to  predict  the  effects  of  differential 
changes  in  accessibilities  on  the  location  of  population  and  economic 
activities. 

Perhaps  one  of  the  most  significant  needs  in  urban  transportation 
planning  is  to  revise  the  models  and  procedures  to  incorporate  the 
equilibrium  approach  more  explicitly.  The  present  procedures 
represent  a  series  of  ad-hoc  approximations,  as  a  pragmatic  approach 
to  the  problem  of  predicting  flows  in  networks.  A  new  generation  of 
urban  transportation  .rodels  should  be  developed,  on  the  sounder 
theoretical  basis  of  explicit  supply-demand  equilibrium  analysis. 

In  the  Northeast  Corridor  Transportation  project's  system  of 
models,  this  equilibrium  structure  is  more  explicit.  Although  not 
yet  fully  operational,  this  system  of  models  ia  described  in  several 
documents.^  There  are  explicit  demand  models  for  passengers  and 

*Bruck,  H.  W. ,  Marvin  L.  Manheim,  and  Paul  W.  Shuldiner,  "Transport  System 
Planning  as  a  Process:  The  Northeast  Corridor  Example,"  PROCEEDINGS 
>E  THE  TRANSPORTATION  RESEARCH  FORUM,  1967;  Technical  Paper  No. 3, 

'Study  Design,"  Northeast  Corridor  Project,  June  1966;  various  unpublished 
documents . 
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freight;^  technology  models  to  produce  supply  and  resource  functions; 

a  network  simulator  to  predict  network  equilibrium  (although  it  is 

not  yet  clear  whether  this  will  be  a  consistent  equilibrium  -  i.e. 

something  other  than  all-or-nothing),  and  demand  shift  models  for 

forecasting  changes  in  interregional  and  intraregional  location  and 

intensities  of  economic  activities  as  a  function  of  changes  in 

2 

transportation  and  other  factors. 

The  Harvard  Transport  Research  Program  models  are  designed  for  use 

3 

in  planning  investment  in  transportation  in  developing  countries. 

Several  explicit  technology  models  are  used  for  predicting  cost-service 
characteristics  of  highways,  rail,  and  intermodal  transfer  points. 

Demand  is  derived  from  a  macro-economic  model,  containing  an  inter¬ 
regional  input*-out  model;  these  are  also  used  to  predict  demand  shifts. 
Network  equilibrium  is  found  with  a  modified  traffic  assignment  approach. 

These  are  very  cursory  descriptions  of  highly  sophisticated  systems 
of  models;  they  simply  point  out  how  the  M-ic  framework  outlined 
above  underlies  several  major  transportation  analysis  efforts.  Yet, 
in  spite  of  the  magnitude  of  effort  which  has  gone  into  development  of 
the  model  systems  described,  there  are  still  major  difficulties  with 
implementing  this  framework  in  a  thoroughly  satisfactory  way.  Constructing 


’« 


^Quandt,  R.  E. ,  and  W.  J.  Bauir.ol ,  "Abstract  Mode  Model:  Theory  and 
Measurement",  J.  KEGIONAL  SCIENCE  6*2  (1966). 

9 

“Bruck,  H.  W.,  Stephen  H.  Pu'man,  and  Wilbur  A.  Steger,  'Evaluation  of 
Alternative  Transportation  Proposals:  The  Northeast  Corridor,"  J. 
AMERICAN  INSTITUTE  OF  PLANNERS  32:322-333,  November  1966. 

Roberts,  Paul  0.,  and  David  T.  Kresge,  MODELS  FOR  TRANSPORT  SYSTEM 
SIMULATION,  Discussion  Paper  No.  63,  Cambridge,  Massachusetts:  Harvard 
University  ..nd  the  Brookings  Institution  (November  1967). 
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demand  models  is  always  difficult,  particularly  because  of  the  lack  'f 

good  data  for  model  calibration,  as  was  demonstrated  in  Plourde’s 

efforts  to  test  the  Baumol-Quandt  model  for  metropolitan  travel.^- 

The  understanding  of  the  structure  of  transportation  supply  functions 

and  resource  requirements  models,  particularly  with  respect  to  basically 

new  technologies,  is  very  elementary  and  many  difficult  problems 
2 

remain.  The  problem  of  computing  supply  -  demand  equilibrium  in 
networks  was  described  above.  There  is  a  significant  amount  of 
effort  underway  in  exploring  various  computational  approaches  to  this 
problem,  ranging  from  simulation  approaches  to  mathematical  optimization 


1Plourde,  Rodney,  CONSUMER  PREFERENCES  AND  THE  ABSTRACT  MODE  MODEL,  Research 
Report  R68-51,  Cambridge,  Mass.:  Department  of  Civil  Engineering,  M.I.T. 
(1968),  Volume  XII  in  a  Series.  See  further:  Kraft,  Gerald,  and 
Martin  Kohl,  "New  Directions  for  Passenger  Demand  Analysis  and  Forecasting," 
TRANSPORTATION  RESEARCH  1:3  (1967);  Baumol  and  Quandt,  loc .  clt . ;  Soberman, 
Richard  M. ,  "Approaches  to  Regional  Transportation  Models,  "PROCEEDINGS 
SEVENTH  ANNUAL  MEETING,  TRANSPORTATION  RESEARCH  FORUM  (1966),  pp.  357-366; 
Martin,  Memmotc  and  Bone,  loc.  cit . 

Stafford,  Joseph  H.,  and  J.  C.  Prokopy,  PRODUCTION  FUNCTIONS:  MODELS  OF 
TRANSPORT  TECHNOLOGY,  Research  Report  R68-45,  Cambridge,  Mass.:  M.I.T.  (1968) 
Volume  VI  of  a  series;  Hay,  William  W.,  AN  INTRODUCTION  TO  TRANSPORTATION 
ENGINEERING,  New  York:  John  Wiley  and  Sons  (1961;  lleflebower,  Richard  B., 
"Characteristics  of  Transport  Modes",  in  Gary  Fromm  (od.),  TRANSPORT  INVESTMENT 
AND  ECONOMIC  DEVELOPMENT,  Washington,  D.  C.:  The  Brookings  Institution  (19Gr>); 
Meyer,  John  R.,  M.  J.  Peck,  J.  Stenason,  and  C.  Zwlrk,  THE  ECONOMICS  OF 
COMPETITION  IN  THE  TRANSPORTATION  INDUSTRIES,  Cambridge,  Mass.:  Harvard 
University  Press  (1960);  Soberman,  Richard  M.,  TRANSPORTATION  TECHNOLOGY 
FOR  DEVELOPING  REGIONS,  Cambridge,  Mass.  M.I.T.  Press  (1967);  Spiegelborg, 

C.  H.,  et  al,  EVALUATION  STUDY  OF  TRANSPORT  VEHICLES,  R-.port  No.  D6-206/, 
Renton,  Washington:  The  Boeing  Company  (1964);  Morlok,  Edward  K. ,  AN 
ANALYSIS  OF  TRANSPORT  TECHNOLOGY  AND  NETWORK  STRUCTURE,  Unpublished  Ph.D. 
Dissertation,  Northwestern  University  (June  1967);  Lang,  A  Scheffer, and 
Richard  M.  Soberman,  URBAN  RAIL  TRANSIT,  Cambridge,  Mass.:  M.I.T.  Press  (1964) 
Meyer ,  John  R.  J.  F.  Kain,  and  M.  Wohl,  THE  URBAN  TRANSPORTATION  PROBLEM, 
Cambridge,  Mass.:  Harvard  University  Press  (1965). 
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applications  for  certain  special  cases. ^  The  problems  become  even  more 
complex  when  equilibrium  is  to  be  determined  for  multiple  time  periods, 
where  vehicle  schedules  may  be  adjusted  to  meet  the  transient  fluctuations 
in  demand. ^ 

To  predict  demand  shifts,  that  is,  changes  in  lend  use,  population, 
and  the  structure  of  social  and  economic  activity  generally,  is  perhaps 
the  most  difficult  problem  of  all.  This  requires,  not  only  understanding 
the  basic  structure  of  the  social  and  economic  system  and  the  influence 
of  a  variety  of  policy  levers  on  that  system,  but  also  identifying  the 
specific  role  of  transportation  in  modifying  growth  patterns.  Even  in 
urban  land  use  model  development,  an  area  o:  significant  activity  in  the 
past,  there  is  still  a  great  gap  between  what  would  be  desirable  in 

3 

terms  of  land  use  prediction  models  and  whet  has  actually  been  implemented  . 


^Beckmann;  Jewell;  Hersbdorfsr;  Schwartz;  o£.  cit . 

2Devanney,  J.W.,  III,  TRANSPORTATION  SCHEDULING  UNDER  MULTIDIMENSIONAL 
DEMAND  LEVELS,  Sc.D.  Thesis,  M.I.T.,  1967 

■^Hemmens,  George  C.,  (editor),  URBAN  DEVELOPMENT  MODELS,  Special  Report 
97,  Washington,  D.  C. :  Highway  Research  Board  (1968).  See  also 
Roberts  and  Kresge,  op  cit.;  Bruek,  Putman,  and  Steger,  0£.  clt . 
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7.0  The  Problem  of  Search  and  Choice 

The  system  of  basic  models  discussed  in  the  preceding  section  is 
the  core  of  the  analysis  problem,  but  not  the  whole  of  it.  The 
framework  of  equilibrium  analysis  provides  a  basis  for  prediction  of  the 
impacts  associated  with  a  particular  set  of  options.  However,  there 
still  remain  several  major  issues: 

1.  The  problem  of  search  -  how  to  generate  a  set  of  options  in 
the  first  place  -  that  is,  how  to  formulate  a  complete,  meaningful,  well- 
specified  transportation  system  strategy,  which  is  worth  "testing"  in 
the  complex  system  of  prediction  models. 

2.  The  problem  of  choice  -  given  the  predicted  impacts  of 
several  alternative  specifications  of  options,  how  to  evaluate  the 
impacts  and  choose  among  the  alternatives.  The  difficulties  in  choice 
arise  because  an  essential  characteristic  of  transportation  is  the 
differential  incidence  of  its  impacts.  Some  ; * oups  will  gain  from 
any  transportation  system  change;  others  may  lose.  In  a  realistic 
network  context,  there  are  many  user,  operator,  and  other  groups,  and 
the  interactions  among  them  are  complex. 

Therefore,  transportation  choicBS  ire  essentially  socio-political 
choices:  the  interests  of  different  groups  must  be  balanced.^  The 


This  does  not  raec.i  that  negative  Impacts  of  a  system  on  s..me  group  are 
inevitable.  It  may  well  be  possible,  particularly  with  complementary 
programs,  such  as  relocation  su*'sid;es,  industrial  development,  job 
trainiu.;,  etc.,  to  develop  a  concerted  strategy  such  that  no  single 
group  is  hurt  unduly.  But  to  do  this  requires  careful,  sensitive 
analysis  of  the  transportation  alternatives  and  their  impacts;  and  ima¬ 
ginative  coordination  of  transportation  and  non-transportation  options. 
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development  of  a  real-world,  implement able  transportation  plan  or 
policy  requires  more  than  just  the  prediction  of  impacts  of  one  or 
two  alternatives.  Feasible,  desirable  solutions  can  be  developed  only 
through  a  careful  and  sensitive  analysis,  in  a  systematic  way,  of 
a  variety  of  alternatives  and  their  impacts. 

Systematic  analysis  in  transporation  requires  that  a  wide  variety 
of  alternative  options  be  explored,  and  their  differential  impacts  traced 
out  explicitly.  In  figures  Il-i  and  II-6,  we  illustrate  the  systematic 
exploration  of  the  range  of  options  for  a  single  link.  We  assume  that 
this  link  is  of  sufficient  length  and  importance  that  we  in  fact  have  the 
full  range  of  decision  options  open  to  us.  We  can  choose  alternative 
technologies  for  this  link  -  for  example,  mass  transit,  highway, 
automatic  bus  on  separate  right-or-way  or  some  new  technology.  We  can 
change  the  network  configuration  in  this  area,  introducing  several  links 
to  supplement  this  one  or  change  the  relationship  of  this  link  with  other 
links  by  adding  or  eliminating  intersections  between  links. 

We  can  change  the  cnar  ,c teristics  of  the  link  itself  by  changing  its 
physical  location,  widening  it,  etc.  We  also  have  options  regarding 
the  number  and  type  of  vehicles  which  will  run  over  this  link,  as 
well  as  speeds,  schedules,  stopping  times,  fares  etc. 

Changes  in  this  particular  link  will  impacc  differently  on  each  of  the 
groups  shown  it  the  figure.  In  particular,  we  have  identified  several  user 
groups  -  AB  and  CD,  as  well  as  the  group  of  all  other  users;  the  operator 
of  this  particular  facility,  the  operators  of  all  other  facilities,  and  the 
physical  and  functional  impacts.  In  figure  6,  we  show  how  changes  in 
options  for  this,  particular  link,  as  reflected  sole1.. 
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the  link,  might  impact  differentially  on  the  various  actors,  (This 
is  hypothetical;  the  actual  variations  would  be  «  property  of  the 
network  at  hand.) 

We  may  have  already  examined  a  particular  set  of  options,  and 
thus  know  its  impact  on  each  of  the  actors.  However,  in  general,  we  are 
very  uncertain  about  the  changes  in  these  impacts  which  will  occur 
if  we  make  relatively  small  changes  in  these  options.  This  is 
precisely  because  of  the  complexity  of  the  supply-demand  interactions 
in  the  network. 

This  is  the  real  difficulty  in  analysis  of  a  large,  complex, 
multi-mode  transportation  system,  such  as  that  of  the  Northeast  Corridor 
region  (Boston  to  Washington,  D.  C.),  Instead  of  changes  to  just  one 
link,  we  have  a  potential  of  changes  to,  or  introduction  of,  a  very 
large  number  of  links-interstate  highways,  other  highways,  conventional 
jet  aircraft  routes,  V/STOL  routes,  and  new  high-speed  ground 
transportation  systems,  such  as  tube  trains  or  tracked  air-cushion 
vehicle  systems.  Furthermore,  we  are  concerned  with  the  impacts  on  a 
correspondingly  very  large  number  of  groups.  Clearly,  it  is  not  a  trivial 
problem  to  identify  the  set  of  options  which  has  the  most  desired 
impacts . 

What  iB  required  is  a  systematic  exploration  of  the  options,  care¬ 
fully  tracing  out  the  differential  impacts  on  each  group.  The  set  of 
prediction  models  serves  as  a  vehicle  for  assisting  in  this;  but 
additional  techniques  are  required.  Procedures  are  required  for  sys¬ 
tematically  searching  out  and  choosing  among  transportation  alternatives, 
in  order  to  develop  equitable  transportation  system  changes  which 
explicitly  recognize  the  differential  incidence  of  impacts. 
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8,0  A  Simple  Model ^ 

To  demonstrate  concisely  the  essential  issues  in  an  equilibrium 
analysis,  a  very  simple  model  of  transportation  will  be  described.  This 
model  illustrates  the  followings 

a.  representation  of  the  options  by  explicit  variables 

b.  explicit  representation  of  differential  impacts 

c.  the  relationships  between  options  and  impacts 

d.  the  level  of  service  vector,  and  its  relation  to  the  options 

e.  explicit  equilibrium  formulation 

f.  the  resource  requirements  vector,  and  its  relation 
to  options  and  impacts. 

To  show  these  issues  in  the  simplest  possible  way,  network  effects 
are  ignored  -  we  assume  a  simple  link.  As  with  all  other  aspects  of  this 
model,  this  simplifying  assumption  can  be  relaxed. 


8.1  Approach 


The  structure  of  this  model  is  based  upon  visualizing 
transportation  as  a  '"production  process",  in  which  alternative 


An  early  version  of  this  model  was  circulated  in  June  1968  as 
unpublished  discussion  paper  T— 3 5 ;  later  versions,  relaxing  the  various 
assumptions,  are  in  process.  Initiation  of  this  model  was  stimulated 
by  the  work  of  Franz  Frisch.  The  contributions  of  Joseph  H.  Stafford  and 
Karl  Guenther  to  later  refinements  are  gratefully  acknowledged.  Stafford 
has  proposed  an  alternative  formulation,  cf.  Stafford  and  Prokopy,  PRODUCTION 
FUNCTIONS:  MODELS  OF  TRANSPORT  TEHCNOLOGY ,  o£.  cit.  The  general  approach 
of  the  present  development  was  influenced  by  lectures  and  notes  of  Ernst 
Frankel,  and  Robert  Simpson;  and  by  the  work  of  Morlok;  Lang  and 
Soberman;  and  Wohl.  Cf.  Morlok,  Edward  K.,  AN  ANALYSIS  OF  TRANSPORT 
TECHNOLOGY  AND  NETWORK  STRUCTURE,  Unpublished  Ph.D.  uisseration,  Northwestern 
University  (June  1967);  Lang,  A.  Scheffer,  and  Richard  M.  Soberman,  URBAN 
RAIL  TRANSIT,  Cambridge,  Mass:  M.I.T.  Press  (1^64) ;  Meyer,  John  R. ,  J.  F. 
Kain,  and  M.  Wohl,  THE  URBAN  TRANSPORTATION  PRORi  E>*.  Gar-bridge,  Mass: 

Harvard  Vniversi tv  Press  ( 19GM ,  Especially  op.  J71-.NS.  See  also 
bibliography  in  Morlok. 
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combinations  of  resources  can  be  applied  to  produce  transportation. 

We  characterize  transpretation  by  a  production  function  <j>  in  this  way: 

<t>(C,L,V,T)  -  0 

where:  T  *  specification  of  transportation  options 

V  *  volume  of  flows  actually  moving  through  the  system 

L  «  level  of  service  provided  by  the  system  to  passengers 
and/or  freight  moving  through  it 

C  =  resources  consumed  -  "costs"  incurred  in  providing 
and  operating  the  transportation  system 

In  general,  each  of  these  variables  is  vector-valued:  it  has 
many  components.  The  options  T  include  specification  of  technology  type, 
network  configuration,  link  and  vehicle  characteristics,  operating 
procedures,  pricing,  etc.  The  volume  V  may  include  mix  of  flows  by 
type  -  passengers,  heavy  cargo,  light  cargo,  etc.  The  level  of  service 
L  includes  trip  time,  waiting  time,  reliability,  out-of-pocket  costs, 
etc.  The  resources  consumed  C  include  land,  fuel,  labor,  construction 
materials,  etc. 

The  function  <J)  describes  a  surface  in  (C,L,V)  space,  for  given 
T,  That  is,  if  we  specify  certain  "design"  characteristics  of  the  system 
vthe  options  T) ,  then  as  a  function  of  the  volume  of  flows  V  through 
the  system,  we  want  to  be  able  to  trace  out  the  resources  consumed,  C,  and 
the  service  provided  to  users,  L.  Although  C  and  L  are  both  "outputs" 
of  the  system,*  we  distinguish  L  as  that  set  of  characteristics  of  the 
system  which, perceived  by  the  users.  Influence  their  demand  for  transportation. 
That  is,  the  demand  V  ■  D(L,A)V  where  A  is  a  description  of  the 
socio-economic  pattern  of  activities. 


Sec  Morl>'k. 
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To  emphasize  this,  we  may  write,  instead  of  0,  the  following: 


4>  (t,L,V,T)  -  0 


That  is,  we  separate  out  the  "resources  consumed"  and  the  "service 
provided"  components  of  <p,  by  distinguishing  a  "supply"  function  S  and 
a  "resources"  function  R. 

Once  we  can  characterize  transportation  in  this  way,  we  are  ready 
to  make  two  further  steps.  First,  in  recognition  of  the  equilibrium 
context,  we  introduce  Demand,  Network  Equilibrium,  and  Demand  Shift 
models.  Second,  we  recognize  that  we  are  concerned  with  the  impacts 
of  these  options  on  a  variety  of  actors:  users  of  the  system,  operators, 
etc.  Thus,  our  objectives  are  to  characterize  technology  in  such  a  way  that 
we  can  trace  out,  in  a  network  equilibrium  context,  how  impacts  among 
different  actors  vary  as  we  vary  the  options  T. 


Transportation  Options, 


Consider  the  following  components  of  the  vector  of  options  T: 


NETWORK  AND  LINKS: 

CAPF  *  capacity  of  fixed  facilities  in  vehicles  per  hour  (two-way) 

DIST  *  distance  in  miles  between  the  tv;o  points  served 

VEHICLES: 

VAVG  ■  vehicle  cruise  speed  in  miles  per  hour 

I-’LOAD  *  payload  of  vehicle  (passengers  or  tons) 

NVEH  ”  no.  of  vehicles  in  the  system 

OPERATING: 

FARE  *  fare  charged  to  ,iser  per  trip 
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SUBG  ■  government  subsidy  to  operator  $/hr. 


TAX 

■  user  tax  rate, 

$/passenger 

TECHNOLOGY: 

CFFIX 

■  fixed  costs  of 

fixed  facilities 

$/mile/hr^ 

CVFIX 

*  variable  costs 

of  fixed  facilities 

$/vehicle/mile/hr. 

CFVEH 

■  fixed  costs  of 

vehicles , 

$/vehicle/hr. 

CWEH 

■  variable  costs 

of  vehicles 

$/vehicle/mile/hr. 

CCAP 

»  fixed  costs  of  fixed  facilities  per 
unit  of  capacity 

$/mi./hr  per  vehicle/hr 

That  is,  in  this  simple  model,  to  specify  a  particular  transportation 
system  we  specify  T  -  (CAPF,  DIST,  VAVG,  PLOAD,  FARE,  SUBS,  TAX;  CFFIX, 
CFVEH,  CWEH,  CCAP.)2 

8.3  Level  of  Service.  L 

The  characteristics  of  the  system  which  will  influence  demand 
for  transportation  aie: 

TTRIP  «  total  trip  time 

TWAIT  *  average  wait  time  -  time  spent  waiting  for 
a  vehicle  to  arrive 

FARE  -  fare  paid  by  user 
That  is,  L  -  (TTRIP,  TWAIT,  FARE). 


a 

JAll  cos ts  are  assumed  brought  back  to  present  worth  in  $/hr.  considering 
interest,  life,  salvage  value,  time  streams,  etc. 

2 

Ultimately,  we  should  be  able  to  derive  the  cost  variables  (CFFIX,  etc.) 
and  other  parameters  as  explicit  functions  of  some  basic  technology 
parameters . 


8.4  Resources  Consumed.  C 

The  resources  consumed  can  be  expressed,  we  assume,  as  dollar  costs: 

CFTOT  ■  total  fixed  costs  ($/hr.) 

CVTOT  ■  total  variable  costs  ($/hr.) 

CTOT  *  total  costs  ($/hr.) 

That  is,  C  *»  (CFTOT,  CVTOT,  CTOT) 

8.5  Basic  Relationships 

The  structure  of  the  model  can  now  be  established.  In  this 
simple  model,  we  assume  all  vehicles  operate  continuously  in  cycling 
at  uniform  headway  over  the  single  link. 

NTRIP  *  number  of  vehicle  round  trips  per  hour 
TIME  *  vehi  .e  trip  time,  one-way 
VAVAIL  ■  available  volume  (available  "capacity") 


(1)  TiME  «  DIST/VAVG 

(2)  NTRIP  =*  ( (NVEH  ♦  VAVG)  /  (2* DIST))£  CAPF 
or 

(3)  NVEH  _<  ( 2 •  CAPF* DI ST /VAVG) 

(4)  VAVAIL  -  (NTRIP *PLOAD) 

-  (NVEH*  VAVG*  PLOAD)  / t 2*DIST) 

£  (CAPF-PLOAD) 

HDWAY  -  average  interval  between  vehicles 

(5)  HDWAY  »  l/NTRiP  -  (2"DIST)/(NVEH*VAVG) 

WAIT  ■  expected  wait  time  (assumed  one-half  the  interval  between  vehicles) 
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(6)  WAIT  -  (HDWAY/2)  -  (DIST/NVEH- VAVG) 

TTRIP  -  Total  Trip  Time 

(7)  TTRIP  -  TIKE  +  WAIT  -  (DIST/VAVG)  (1  +  1/NVEH) 

These  establish  the  basic  physical  relationships  of  the  system,  and 
provide  a  basis  for  costing  out  the  resource  requirements, 

CFTOT  »  total  fixed  costs 
CVTOT  ■  total  variable  costs 
CTOT  ■  total  costs 

(3)  CFTOT  -  (CFFIX-DIST)  +  (CFVEH-NVEH) 

(9)  CFFIX  *  CAPF-CCAP 

(10  '•"OT  -  (CAPF-CCAP -DIST)  +  (CFVEH-NVEH) 

(?«  ,'VT  -  (CVFIX  •  2  *  NTRIP-DIST)  +  (CWEH-CWEH< VAVG) 

•  (CVFIX  +  CWEH)  (NVEH-VAVG) 

(12)  CTOT  -  CFTOT  +  CVTOT 

-  (CAPF-CCAP- DIST)  +  (CFVEH-NVEH)  +  (NVF.H-VAVG)  (CWEH  +  CVFIX) 

8,6  Predicting  Equilibrium 

Let  us  assume  the  demand  function  D  is  given  as  V  *  P(L)  ■  D'TTRIP, 

WAIT,  FARE).  The  supply  function  S,  is  given  by  L  *  S(V,T),  as  derived 
above.  The  equilibrium  pattern  of  flows  F  -  (V,L),  can  be  determined 
from  the  simultaneous  solution  of  these  two  relationships.  Designate 
the  equilibrium  volume,  V,  as  VOL.  In  this  simple  model,  we  assume 
VOL  is  specified,  independent  of  L.  Further,  we  assume  that  the 
service  level  L  is  not  affected  by  VOL  -  there  are  no  congestion  effects; 

L  •  S(V,T)  become*  L  -  S(T)* 


This  assumption  can  bo  rcl. t  -  introduce  congestion  effects.  One  .av 
i"  through  a  itt  cdvay-speed-volume  reletfon,  developed  as  in  the  tbeorv 
of  traffic  flow. 
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LOADF  ■  load  factor 

(13)  LOADF  -  VOL/VAVAIL,  LOADF  <  1 

(14)  LOADF  -  (2*DIST.VOL)/(MVEH*VAVG-PLOAD) 

(15)  VOL  <  (CAPF.PLOAD) 

8. 7  Evaluating  Impacts 

The  user  impacts  are  total  travel  time,  and  total  fares  paid.  The 

impacts  on  the  operator  of  the  system  are  total  fixed  costs,  and  not 

revenue.  The  roles  of  government  in  supplying  transportation  are 

rec resented  through  (a)  subsidy  to  operator,  in  dollars  per  year (per  hour); 
2 

(b)  user  tax. 


UTTRIP  »  user  total  travel  time 

(16)  UTTRIP  *  VOL-TTRIP 
UTFA.1E  *  user  total  fare 

(17)  UTFARE  -  Vf'L* FARE 

OGROSS  ■  operator  gross  revenue 

(18)  OGROSS  -  (FARE-TAX) VOL 

OSUBS  *  operator  gross  revenue  from  government 

(19)  OSUBS  -  SUBS 

ONET  -  operator  net  revenue 

(20)  ONET  -  OGROSS  +  OSUBS-CTOT 

-  (FARE-TAX)  tr0L  +  SUBS-CTOT 
GTAX  -  government  user  tux  revenues 


2 

No  "indirect!'  impacts ,  such  as  tho',e  represented  by  changes  in  land 
use,  land  values,  or  commodity  prices,  sre  represented  here.  That 
is,  there  is  no  demand  shift  model.  Tnis  assumption  can  be  ;  I  axed . 
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(21)  GTAX  *  TAX* VOL 

GSUBS  ■  government  subsidy 

(22)  rNET  -  GTAX-GSUBS 

(23)  GNET  -  (TAX*VOL)  -  SUBS 

(24)  ONET  -  (FARE*VOL)-CTOT-ONET 

8.8  Discussion 

In  this  simple  example,  we  have  described  the  options,  impacts,  and 
prediction  and  evaluation  models.  The  options  include  choice  of 
technology  (represented  by  the  cost  coefficients  CCAP,  CFVEH,  CVFIX, 

CWEK> ;  link  characteristics  (capacity,  distance);  vehicles  (cruise 
speed,  payload,  number  in  system);  and  operating  policy  (fare, 
government  subsidy,  user  tax).  For  simplicity,  the  network  is  assumed  to 
be  a  single  link.  Very  simple  supply,  demand,  equilibrium,  and  resource 
requirement  relations  are  developed.  These  lead  to  the  prediction  of 
impacts  on  a  variety  of  groups:  operators  (fixed  cost,  variable  cost, 
net  revenue);  users  (total  travel  time,  total  fare  expenditure);  and 
government  (subsidy,  user  tax  revenue,  net  revenue).  These  are  summarized 
in  Figure  II-7,  Simple  Model. 

Although  this  model  is  indeed  very  simple,  it  does  demonst  ate  the 
major  aspects  of  a  transportation  systems  analysis.  The  options  and  impacts 
are  represented  explicitly.  The  Impacts  are  related  to  the  options 
in  an  explicit  way,  via  the  equilibrium  formulation,  level  of  service 
vector,  and  resource  requirements  vector.  The  differential  impacts  on 
users,  operator,  and  government  are  clearly  identified.  The  usefulness 
of  even  this  simple  a  model  is  demonstrated  by  Meyer,  Kain  and  Wohl,  in 
their  analysis  of  urban  transportation  technologies,^  and  by  Stafford’s 

*2£-£Lt*»  especially  pp.  271-295 
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discussion  of  some  of  the  key  tradeoffs  in  transportation. 

To  make  this  model  more  realistic,  every  element  can  be 
extended.  For  example,  an  explicit  demand  relation,  VOL  =  D(L) 
can  be  added,  as  well  as  congestion  effects  -  L  =  S(V,T);  the  influence 
of  network  structure;  demand  shifts,  etc.  A  number  of  such  extensions  to  this 
simple  model  are  currently  being  explored. 

The  Prototype  Analysis  system  (see  Chapter  III)  extends  this 
model  to  the  network  context,  with  explicit  demand  functions, 
demand  shifts,  and  congestion  effects  in  a  multi-mode  network. 


1 


Stafford,  0£.  eit. 
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9.0  Summary  -  Transportation  Systems  Analysis:  The  Substantive  Problem 

Our  review  of  the  substantive  issues  in  transportation  systems 
analysis  leads  us  to  the  following  conclusions: 

1.  There  are  a  variety  of  options  which  can  be  manipulated 
as  instruments  of  transport  systems  policy  in  a  region. 

2.  In  manipulating  these  options,  the  Impacts  among  a  variety 
of  different  groups  in  the  region  must  be  considered. 

3.  In  general,  predicting  the  impacts  corresponding  to  any 
particular  set  of  options  is  difficuic.  In  order  to 
predict  the  impacts,  it  is  necessary  to  predict  the 
corresponding  pattern  of  flows  which  will  occur  in  the 
transportation  network. 

4.  The  prediction  of  flows  is  based  upon  the  concept  of  equil¬ 
ibrium  between  supply  and  demand  within  the  constraining 
channels  of  the  transportation  network.  The  supply-demand 
framework  expresses  the  following  relationships: 

a.  The  volume  oi  people  or  goods  which  will  use  the  system 
is  the  function  of  the  level  of  service  which  the  system 
provides,  as  well  as  the  spatial  pattern  of  social  and 
economic  activities. 

b.  The  level  of  service  provided  by  a  particular  transportation 
system  is  a  function  of  the  volume  of  flows  moving 

through  that  system, 

c.  The  two  previous  statements  imply  that  there  is  an 
equilibrium  pattern  of  flows  in  the  system,  consisting 
of  the  volume  of  flows  and  the  level  of  service  which 
those  flows  incur. 


X 
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d.  As  a  consequence  of  Che  equilibrium  pattern  of  flows 
at  any  point  in  time,  changes  can  occur  in  the  spatial 
pattern  of  social  and  economic  activity  in  successive 
time  periods. 

e.  The  resources  consumed  by  providing  transportation  are 
a  function  of  the  volume  of  flows  through  the  system, 

the  level  of  service  which  is  provided,  and  the  specification 
of  the  system. 

f.  As  a  consequence  of  the  resources  consumed  in  providing 
transportation,  there  are  potentially  impacts  on  the 
spatial  pattern  of  social  and  economic  activity  (for 
example,  construction  impacts  or  noise  pollution  impacts). 

Any  analysis  of  a  transportation  system  must  initially  consider 
these  relationships,  even  if  the  influence  of  some  should 
later  be  found  negligible  in  a  particular  context. 

5.  To  accomplish  this  prediction  ir  the  network  context,  five 
types  of  models  are  required:  supply  models,  resource 
requirements  models,  demand  models,  network  equilibrium 
models,  and  demand  shift  models. 

6.  This  same  basic  five-component  model  structure  underlies  urban 
transportation  planning.  Northeast  Corridor,  and  the  Harvard 
Transport  Program  model.  However,  present  urban  transportation 
planning  procedures  do  not  implement  the  equilibrium  concept 

as  effectively  as  they  might. 

7.  Although  versions  of  these  five  models  are  now  In  use, 
substantial  additional  research  and  data  collection  is  required 
to  develop  a  fully  satisfactory  set  of  prediction  models. 
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8.  In  addition  to  prediction,  there  must  also  be  evaluation 
and  choice  procedures,  to  compare  the  impacts  of  alternative 
sets  of  options  and  choose  among  them. 

9.  There  must  also  be  search  procedures  for  generating  reasonably 
feasible  actions  for  testing  in  the  prediction  models. 

10.  To  systematically  analyse  a  transportation  problem,  a 
wide  variety  of  options  must  be  explored  and  their 
differential  impacts  traced  out  explicitly. 

11.  A  simple  example  illustrates  the  options  and  their  relation 
to  differential  impacts  by  means  of  the  equilibrium  concept. 

12.  In  the  network  context,  prediction  is  complex;  searching 
out  and  choosing  among  alternatives  is  difficult. 

13.  Tie  problem  of  search  and  choice  is,  how  to  systematically 
search  out  and  choose  among  transportation  systems  alter¬ 
natives,  with  careful  consideration  of  the  differential 
impacts  on  various  groups,  in  a  network  context. 


Chapter  III 


A  PROTOTYPE  ANALYSIS  -  THE  NORTHEAST  CORRIDOR 


1.0  Introduction 
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In  the  preceding  chapter,  the  basic  problem  of  transportation 
systems  analysis  was  described,  and  the  argument  developed  that  the 
core  of  the  analysis  problem  is  the  prediction  of  flows  in  networks  from 
the  viewpoint  of  supply-demand  equilibrium.  The  discussion  emphasized 
the  multiplicity  of  options  and  impacts,  the  potential  substitutability 
among  options,  and  the  need  for  consideration  of  differential  impacts. 

The  preceding  chapter  defined  the  problem  of  search  and  choice  in 
transportation  systems  analysis:  to  systematically  analyze  the  range 
of  options,  tracing  out  their  differential  impacts,  using  a  flow 
equilibrium  approach.  The  question  then  arises:  is  this  feasible? 
can  systematic  analysis  be  Implemented,  in  a  network  context?  what 
problems  arise? 

To  demonstrate  the  feasibility  and  utility  r f  systematic  analysis 
in  the  supply-demand  equilibri  m  context,  a  "prototype"  analysis  of 
passenger  transportation  in  the  Northeast  Corridor  region  was  conducted. 
(Clearly,  the  models  could  be  used  for  many  other  contexts  as  w  11.) 

To  the  maximum  extent  feasible,  realistic  data  was  used.  The  result 
demonstrates  how  the  analytical  approaches  and  techniques  can  be  applied 
to  improve  policy  decisions.  However,  the  result  is  not  of  sufficient 
detail  or  comprehensiveness  to  be  used  for  policy  decisions  without 
further  calibration  and  modifications  of  the  models  and  substantial 


1 

This  chapter  draws  heavily  from  Ruiter,  Earl  R.,  A  PROTOTYPE  ANALYSIS, 
Research  Report  R68-41,  Cambridge.  Mass:  Department  of  Civil  Engineering, 
M.I.T.  (1968),  Volume  II  of  a  Series. 
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additional  data. 

To  do  this  "prototype  analysis,"  it  was  necessary  to  develop 
a  set  of  models  for  transportation  systems  analysis.  As  pointed  out 
in  the  preceding  chapter,  there  have  been  major  elements  of  this 
formulation  present  in  urban  transportation  analysis,  the  Harvard 
Transport  Model,  the  Northeast  Corridor  model  system.  However,  each 
of  these  had  limitations  for  use  as  an  experimental  system  for 
the  purposes  of  this  project.  Therefore,  it  was  decided  to  develop 
a  system  of  models  for  use  as  a  "prototype"  transportation  systems 
analysis  capability.  These  models,  in  the  form  of  computer  programs, 
provided  a  "laboratory"  for  experiments  in  systematic  analysis  in 
transportation. 

This  laboratory  was  implemented  as  TRANSET  II,  a  new  subsystem 
of  ICES,  the  Integrated  Civil  Engineering  System.1  This  subsystem 
is  a  problem-oriented  command-structured  language  for  transportation 
systems  analyses,  and  thus  is  designed  for  ease  of  use  by  analysts 
without  computer  training.  For  example,  to  create  a  new  regional 
transportation  network  by  adding  a  link  to  a  network  previously 


‘Daniel  Roos,  ICES  SYSTEM  DESIGN,  Cambridge,  Mass:  M.I.T.  Press  (1S67), 
The  development  of  TRANSET  II  is  based  upon  additions  and  changes  to 
an  earlier  subsystem  for  urban  transportation  analysis,  TRANSET  I, 

C.F.  Earl  R.  Ru'iter,  ICES  TRANSET  I:  TRANSPORTATION  NETVORK  ANALYSIS  - 
ENGINEERING  USERS'  MANUAL,  Research  Report  R68-10,  Cambridge,  Maas: 
Department  of  Civil  Engineering,  M.I.T.  (March,  1968) 
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stored  in  the  computer,  the  analyst  might  give  the  computer  this 
problem-oriented  language  command: 

MODIFY  NETWORK  'BASE'  FORMING  'NEWRAIL'  ADD  LINK  FROM 

56  TO  97,  DISTANCE  37.2,  LANES  6,  VOLUME/DELAY  4. 

In  this  example,  BASE  is  the  previously-stored  network,  NEWRAIL 
the  name  to  be  given  to  the  new  netvork.  The  modification  consists 
of  a  link  from  node  56  to  97,  with  the  indicated  length,  number  of 
lanes,  and  supply  function  (volume/delry  curve  number  4),  Such  problem- 
oriented  language  capabilities  enable  the  analyst  to  use  the  computer 
models  in  a  much  more  flexible  and  efficient  manner  than  with  more 
traditional  forms  of  programs. 

As  a  system  of  computer  models,  TRANSET  II  provides  the 
capability  to  analyze  transportation  problems  by  predicting  supply 
and  demand  equilibrium  in  a  multi-modal  transportation  network.  Some 
of  the  particular  features  of  TRANSET  II  are.  (a)  the  capability  to 
express  transportation  policy  options  through  technology  choices, 
network  configuration,  link  characteristics,  fares,  frequency  of  service, 
subsidy,  and  tax  policy;  (b)  the  use  of  the  Baumol-Quandt  abstract  mode 
demand  model;  (c)  incremental  assignment  techniques  as  an  approach  to 
calculating  equilibrium:  and  (d)  explicit  evaluation  routines  for 
tracing  out  impacts  on  different  groups. 


Ruiter,  Karl  R.,  A  PROTOTYPE  ANALYSIS,  Research  Report  R68-41,  Cambridge, 
Mass.:  Department  of  Civil  Engineering.  M.I.T.  (1968),  Volume  II  of  a 
Series . 
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With  the  cooperation  of  the  Northeast  Corridor  project  of  the 
Department  of  Transportation,  data  was  obtained  through  which  the 
Northeast  Corridor  network  was  modelled  in  two  forms:  a  five-district 
and  a  twenty-nine  district  version,  with  the  networks  modelled  at 
corresponding  levels  of  abstrrction.  The  resulting  models  then 
served  as  the  basis  for  a  number  of  analyses. 

Using  the  TRANSET  II  model  system  as  a  laboratory,  numerous  ex¬ 
periments  have  been  conducted  using  the  five-district  data.  These 
experiments  demonstrate: 

a.  the  feasibility  of  developing  a  supply-demand  equilibrium 
model  for  transportation  analysis; 

b.  the  difference  between  equilibrium  and  non-equilibrium  approaches 
to  the  problem; 

c.  how  different  options  and  impacts  can  be  included  in  a  single 
model  so  that  their  interactions  can  be  explored  systematically; 

d.  how  crade-offs  between  options  can  be  explored; 

e.  the  technique  of  differential  impact  analysis  through  tracing 
out  impacts  among  different  actors  as  the  options  are  varied; 

f.  sensitivity  analyses; 

g.  trfects  of  alternative  time-stagings  of  actions. 

In  this  chapter,  we  will  describe  briefly  the  capabilities  of 
TRANSET  II,  some  of  the  experiments  conducted,  and  the  issues  raised 


by  these  experiments. 
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2 • 0  The  Prototype  Analysis  System:  TRANSET  II 

In  the  preceding  chapter,  the  nature  of  the  transportation  systems 
analysis  problem  was  described  in  terms  of  options,  impacts,  and  the 
basic  structure  of  the  set  of  prediction  modals.  It  Is  useful  to  de¬ 
scribe  the  set  of  models  developed  for  the  Prototype  Analysis  in  these 
same  terms.  (See  Figure-  III-I,  Prototype  Analysis  Model  System) 

2.1  Options 

The  basic  options,  and  the  corresponding  elements  of 
TRANSET  II,  are  as  follows: 

a.  TECHNOLOGIES 

(i)  volume  -  travel  time  functions:  Each  function  gives 
travel  time  in  minutes  per  mile  per  lane,  as  a  function 
of  volume  in  passengers  per  day  (up  to  14  volume-delay 
functions  can  be  specified). 

(ii)  cruising  speed,  for  each  mode  (up  to  4  modes). 

(iii)  cost  structure  -  for  each  mode,  fixed  cost  in  dollars 
per  year  and  variable  cost  in  dollars  per  passenger 
mile . 

b.  NETWORK:  The  multi-modal  network  is  specified  by  listing 

for  each  link,  its  origin  and  destination  node. 

c.  LINKS:  for  link  in  the  network,  its  length  ii  miles. 

number  of  "lanes",  and  volume-delay  functior 


Figure  III-l.  Prototype  Analysis  Model  Svstem 


TRAN SET  II  -  PREDICTION  MODELS 


Figure  III-l.  continued 
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d.  VEHICLES:  nc  explicit  specification  of  vehicles 

e.  OPERATING  POLICIES: 

(i)  frequency  of  service-  for  each  mode  and  pair  of  origin 
destination  districts 

(ii)  fare  -  for  each  mode  and  pair  of  origin-destination 
district^,  ir.  cost  per  passenger 

(iii)  subsidy  -  for  each  mode,  total  subsidy  in  dollars  per 
year 

(iv)  user  tax  -  for  each  mode,  as  a  percentage  of  the  fare 

f.  ACTIVITY  SYSTEM: 

(i)  for  each  district-base  year  total  population,  per 
capita  income,  and  population  holding  capacity 

(ii)  travel  demand  parameters  -  for  Baumol-Quandt  model, 

11  parameters. 

2.2  Impacts 

The  impacts  which  are  predicted  are  the  following: 

a.  USERS: 

(i)  total  volume  of  passengers  served,  by  mode,  by  origin, 
by  destination 

(ii)  total  trip  time,  by  mode,  by  origin,  by  destination 

(iii)  wait  time,  by  mode,  by  origin,  by  destination 

(iv)  fare  paid,  by  mode,  by  origin,  ov  destination 


n 


b.  OPERATORS: 

(1)  total  cost,  Including  fixed  variable,  by  mode 

(ii)  gross  revenue,  by  mode,  by  origin  district 

(iii)  net  revenue,  by  mode 

c.  GOVERNMENT: 

(i)  total  subsidy,  by  mode 

(ii)  total  user  tax  revenue,  by  mode 

(iii)  net  revenue,  by  mode 

d.  PHYSICAL:  none 

e.  FUNCTIONAL: 

(i)  accessibility,  by  origin  district,  by  mode 

(ii)  population  and  income  change,  by  district 
2.3  Consequences 

To  determine  these  impacts,  the  following  consequences  must 
be  predicted  by  the  network  equilibrium  analysis: 

a.  FLOW  VOLUMES: 

(i)  interzonal  flow  volumes  -  passenger  trips,  by  mode, 
by  origin,  by  destination 

(ii)  link  flow  volumes  -  total  passenger  flow  for  each  link 

b.  LEVELS  OF  SERVICE: 

(i)  interzonal  trip  times,  by  mode,  by  origin,  by  destination 
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(ii)  interzonal  wait  tines,  by  node,  by  origin,  by 
destination  (a  fraction  of  the  Inverse  of  frequency 
of  service,  which  is  specified  as  input) 

(iii)  interzonal  total  travel  times  -  wait  times  plus 
trip  times,  by  mode,  by  origin,  by  destination 

(iv)  link  speeds  and  travel  times 

(v)  interzonal  fares  -  by  mode,  by  origin,  by  destination 
(specified  as  input) 

c.  RESOURCE  RETIREMENTS: 

(i)  total  fixed  plus  variable  cost,  by  mode 

(ii)  total  user  tax  revenues,  by  mode 

(iii)  total  government  subsidy,  by  mode 

d.  ACTIVITY  SYSTEM  CHANGES: 

(i)  accessibility,  by  mode,  by  district 

(ii)  change  in  population  and  per  capita  income,  by  district 
2 . 4  Prediction  Models 

The  consequences  described  are  predicted  from  the  options  using 

the  prediction  models  briefly  described  in  this  section.  More  detailed 

2 

descriptions  are  in  the  report  on  the  prototype  analysis. 


? 


Ruiter,  0£. 
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a.  demand  model  -  The  demand  model  Is  an  early  version  of  Che 
Baumol-Quandt  abstract  mode  model. 

b.  supply  and  resource  requirements  models  -  The  supply  models 
are  external  to  the  computer  programs.  Hand  calculations 
and  engineering  judgment  are  used  to  develop  the  basic 
functions  required:  cost  coefficients  for  each  mode,  volume- 
delay  functions  and  cruising  speed  estimates.  These  are  then 
input  explicitly  to  TRANSET  II  as  data. 

c.  network  equilibrium  -  The  approach  for  computing  equilibrium 
flows  in  the  multi-modal  network  is  an  incremental-loading 
traffic  assignment  procedure,  with  variable  increment,  and 
consistent  with  the  Baumol-Quandt  model. 

d.  demand  shifts  -  An  extremely  simple  model  for  computing  the 
distribution  of  population  is  provided.  The  growth  of  each 
district  in  Chrj  region  io  computed  as  a  weighted  function  of 
accessibility,  present  population,  holding  capacity,  and  an 
exogenously-specified  regional  growth  rate. 

2 . 5  Evaluation 

The  impacts  on  the  various  groups  are  determined  from  the 
predicted  consequences.  In  order  to  evaluate  alternative  systems,  it 
is  necessary  to  aggregate  these  consequences  to  produce  various  overall 
measures  of  the  impacts  of  each  alternative.  The  following  evaluation 
"models"  are,  with  the  exception  of  accessibility  and  consumer  surplus, 
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simple  summations  over  zones  and/or  modes.  (Accessibility  and  consumer 
surplus  are  computed  consistent  with  the  Baumol-Quandt  model!-  )  That  is, 
where  aggregate  measures  of  impact  are  constructed,  each  group  is  weighted 
equally:  e.g.,  all  modes,  origins  and/or  destinations  are  weighted  equally 
when  passenger  hours  or  total  fares  or  revenues  are  summed  to  various 
aggregate  levels.  Some  of  these  measures  are  directly  specified  as  input 
(e.g.,  subsidy) ;  others  are  functions  of  the  predicted  flow  patterns. 

a.  USERS: 

(i)  total  trip  time  -  by  mode,  by  origin;  by  mode;  system 
total 

(ii)  total  wait  time  -  by  mode,  by  origin;  by  mode;  system 
total 

(iii)  average  travel  time  -  by  mode,  by  origin;  by  mode; 
system  total 

(iv)  average  fare  -  by  mode,  by  origin;  by  mode;  system  total 

(v)  user  total  cost  -  for  specified  utilities  (relative 
weights  of  trip  time,  wait  time,  and  fare),  a  weighted 
total  cost  is  computed,  and  aggregated  -  by  mode,  by  origin; 
by  mode;  system  total 

b .  OPERATORS : 

(i)  gross  revenue  from  user  fares  -  by  mode,  by  origin;  by 
mode;  system  total 

(ii)  gross  revenue  from  government  subsid"  -  by  mode;  svstem  total 
lRniter.  Earl  R.  .  y_P-  SlL 
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(iii)  gross  payment  to  government  via  user  tax  -  by  mode; 
system  total 

(iv)  net  revenue  -  by  mode;  system  total 

c.  GOVERNMENT; 

(i)  subsidy  to  operators  -  by  moce;  system  total 

(ii)  user  tax  revenues  from  operators  -  by  mode;  system 
total 

(iii)  net  revenue  -  by  mode;  system  total 

d.  FUNCTIONAL: 

(i)  accessibilities  -  by  origin,  by  mode;  by  origin;  by 
mode,  system  total 

(ii)  population  change  -  by  zone 

(iii)  income  change  -  by  zone 

These  component  and  aggregated  measures  can  be  used  in  evaluating  such 


comprehensive  objectives  as:  regional  growth  pattern;  income  distribution; 
fiscal  feasibility;  political  feasibility. 


3.0  Problem-Oriented  Language  Commands 


TRANSET  II  is  a  set  of  computer  programs  which  is  designed  for 
maximum  ease  of  use  by  the  transportation  analyst.  This  is  achieved 
in  part  through  the  problem-oriented  language  capability  of  TRANSET: 
to  specify  a  particular  analysis  sequence,  the  analyst  sets  up  a  series 
of  problem-oriented  language  commands.  The  basic  commands  which  have 
been  developed  are  summarized  below.  A  more  complete  description  is 
provided  in  the  Prototype  Analysis  report J 

Two  features  of  TRANSET  which  provide  particularly  useful 
capabilities  to  the  analyst  are: 

(1)  the  ability  to  store  and  retrieve  data  from  disc  files,  aa 
needed; 

(2)  the  ability  to  assign  any  arbitrary  name  to  a  block  of  data. 

For  example,  the  analyst  can  name,  and  store,  several  alternative 
transportation  networks,  such  as  'BASE',  'NEWRAIL',  'VSTOL',  '1965-1', 
'1965-2',  etc. 

3 . 1  To  Generate  a  Transportation  System  Alternative 

a.  Transportation  options: 

(i)  READ  NETWORK  -  for  general  network  characteristics 

(ii)  oINKS  -  for  network  connectivity  and  link  characteristics 

(iii)  READ  VOLi'ME  DELAY  SET  -  for  generalized  supply  functions 

^  Ruiter,  Earl  R.,  ££•  c^t . 
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(iv)  INPUT  MODAL  SERVICE  DATA  -  for  modal  interzonal  fares 
and  frequencies 

(v)  INPUT  MODAL  COST  DATA  -  for  modal  cost  parameters 

b.  Activity  System  Options 

(i)  INPUT  DISTRICT  DATA  -  for  populations,  incomes,  and 
holding  capacities,  for  each  district  (zone) 

(ii)  INPUT  MODAL  SPLIT  PARAMETERS  -  for  demand  model  parameters 

In  addition  to  snrrj'ving  a  completely  new  alternative,  it  is  also 
possible  to  generate  an  alternative  by  using  portions  of  another  alternative 
previously  stored  in  the  computer: 

c.  .  To  save  an  alternative  on  secondary  storage  as  a  permanent  file, 

for  future  reference: 

(i)  STORE  -  for  networks  and  volume-delay  sets 

(ii)  KEEP  -  for  modal  and  district  data 

d.  To  modify  an  alternative  previously  stored  on  secondary  storage 
to  creese  a  new  one: 

(i)  MODIFY  NETWORK  -  name  of  network  to  be  changed 
ADD  LINK 

DELETE  LINK  specification  of  changes 

CHANCE  LINK 

(ii)  REVISE  MODAL  DATA  -  name  of  data  to  be  changed 
MODE  COST 

specification  of  changes 

MODE  FREQUENCY 
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(ill)  REVISE  DISTRICT  DATA  -  naa;e  of  data  to  be  changed 
DISTRICT  -  specification  of  changes 

3.2  To  Predict  Consequences 

a.  PREDICT  POTENTIAL  TRIPS  -  generate  estimated  trip  demands 

b.  PREDICT  ACTUAL  TRIPS  -  predict  network  equilibrium  flow 
pattern,  including  volumes  and  travel  times 

c.  PREDICT  DISTRICT  DATA  -  generate  new  populations  and  incomes 

3 . 3  To  Evaluate  Impacts 

a.  Display  • low  pattern  consequences: 

(i)  REQUEST  FINAL  - 

LINK  data 
MINIMUM  PATHS 
TRAVEL  TIMES 
SYSTEM  TRAVEL 
TIME  DISTRIBUTION 
INTFRZONAL  TRIPS 

(ii)  PRINT  TRIP  MATRIX 

(iii)  In  graphical  form,  via  plotter  or  other  display  device 
PLOT  NETWORK 

DISPLAY  LINK  VOLUMES,  TRAVEL  TIMES,  SPEEDS 
DISPLAY  INTERZONAi.  VOLUMES,  TRAVEL  TIMES,  SPEEDS 

b.  EVALUATE  COSTS  for  user,  operator,  and  governmental  impacts 

c.  EVALUATE  ACCESSIBILITY  for  rjrctional  fmpacts 
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3.4  To  Compare  Twc  Alternatives 

a.  COMPARE  TRIPS  -  for  a  summary  of  the  differences  between 
the  two  flow  patterns 

b.  COMPARE  SURPLUSES  -  for  comparison  of  user  benefits,  as 
measured  by  consumer  surplus 

c.  COMPARE  ACCESSIBILITIES  -  for  functional  impacts 

3 . 5  Utility  Commands 

In  addition  to  the  above,  there  are  available  in  TPj\NSET  II 
a  variety  of  utility  commands  -  fc-r  editing  data,  obtaining  intermediate 
results  during  the  course  of  the  computations,  filing  data  cn  computer 
disc  storage,  etc.  These  are  detailed  in  the  Prototype  Analysis  report. 

3 . 6  Example:  Use  cf  the  Commands 

As  ar.  example  of  the  prototype  analysis  system,  and  of  the 
TRANSET  II  commands,  runs  using  all  major  commands  are  presented  in  this 
section. 

The  area  chcser.  for  all  prototype  analysis  system  runs  is  the 
N'ortheact  Corridor,  stretching  along  the  Atlantic  coast  oetween  the  Boston 
and  Washington,  D.C..  metropolitan  areas.  The  corridor  Includes  the 
District  of  Columbia  and  all  or  part  of  nine  states:  Massachusetts,  Rhode 
Island,  Connecticut,  New  York,  New  Jersey,  Pennsylvania,  Delaware,  Maryland, 
and  Virginia.  This  area  represents  the  co.ridcc  study  area,  as  defined  by 
the  Department  of  Transportation  Northeast  Corridor  Transportation  Project 
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(NEC)?  The  corridor  fringe  areas,  such  as  southern  New  Hampshire  and 
central  Pennsylvania,  have  not  been  included  in  the  prototype  analysis 
study  area. 


For  the  purposes  of  these  analyses,  thio  area  has  been  divided  into 
five  very  large  districts,  each  mads  up  of  a  number  of  NEC  superdisrricts. 
These  districts  include  the  following  metropolitan  centers  and  their 
surrounding  areas: 


District  i: 
District  2: 

District  3: 
District  4: 

District  5: 


Washington  and  Baltimore;  NEC  superdistricts  1  through  3 
Philadelphia,  Atlantic  City,  Wilmington,  and  Tranton; 

NEC  superdistricts  4  through  10 
New  York  City;  NEC  superdistricts  11  through  19 
Hartford,  New  Haven,  and  Springfield;  NEC  super¬ 
districts  20,  21,  25,  26,  and  27 

Boston,  Worcester,  Providence;  NEC  superdistricts  22, 

23,  24,  28,  and  29 


A  map  of  the  analysis  area  is  shown  in  Figure  III-2. 


Three  modes  of  intercity  travel  -  air,  rail,  and  private  automobile  - 
are  included  in  the  analysis.  The  air  and  rail  systems  are  each  represented 
by  a  single  terminal  in  each  of  the  five  districts.  For  each  district, 
these  two  terminals  represent  the  total  capacity  of  all  airports  and  train 
stations  within  the  district.  Auto  trips  require  no  terminal,  but  are 
assumed  both  to  begin  and  end  their  trips  by  passing  through  the  ventral 
portion  of  a  major  city. 

Glancy,  David  M.,  "Description  of  the  Area  System  for  the  Northeast 
Corridor  Transportation  Project,"  Northeast  Corridor  Transportation  Project 
Technical  Paper  No.  2,  December  1905. 
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Figure  I I I - 2 :  The  Northeast  Corridor  Base  Case  Network 
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Most  of  the  example  runs  show  the  establishment  of  a  "Base  Case" 
against  which  a  wide  range  of  alternatives  can  be  compared.  This  base 
case  corresponds  most  closely  to  the  tctual  situation  in  the  Northeast 
Corridor  in  1965,  although  portions  of  toe  data  represent  other  years, 
from  1960  to  1967. 

The  example  problem  has  been  divided  quite  arbitrarily  into 
seven  runs,  each  of  which  can  be  performed  separately  from  the  others, 
as  long  as  the  sequence  is  not  changed.  Alternatively,  all  runs  can  be 
part  of  the  same  computer  job. 

The  summary  of  tae  example  runs  is  followed  by  listings  of  the 
input  and  partial  listings  of  the  output. 

The  data  is  discussed  in  detail  in  Chapter  IV  of  the  Prototype 
Analysis  report. 

Run  1  -  Network  and  Supply  Function  Definition:  In  the  first 
run,  network  and  volume-delay  function  data  are  read, 
edited,  and  stored  in  permanent  files  for  future  reference. 

Run  2  -  District  Data  Definition:  In  the  second  run,  district 

populations,  per  C3pita  incomes,  and  holding  capacities, 
and  system-wide  demand  model  parameters  are  road  and 
stored  in  permanent  files  for  future  reference. 

Run  3  -  Modal  Data  Definition:  Interdistrict  fares  and  service 

frequencies,  and  modal  cost  parameters  are  read  and  stored 


in  this  run. 
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Run  4  -  Calculation  of  Estimated  Trip  Demands:  In  Runs  1  through  3, 
all  data  on  the  transportation  and  activity  system  have  been 
read,  edited,  and  stored.  These  data  can  now  be  used  to 
obtain  a  matrix  of  estimated  trip  demands,  and  demand  function 
data  in  the  form  of  generation  rate  functions.  Potential  trip 
demands  are  estimated  on  the  basis  of  the  cruise  speeds 
specified  as  part  of  the  modal  data.  After  calculating  these 
estimated  demands,  they  can  be  stored  as  permanent  files, 
available  for  future  use. 

Run  5  -  Equilibrium  and  Impacts:  The  data  defined  or  calculated  in 
each  of  the  previous  runs  is  used  in  the  fifth  run  to  predict 
an  equilibrium  set  of  flows  and  to  determine  selected  impacts 
of  these  flows.  After  retrieving  the  data  from  storage  (by  LOAD 
and  GET  commands,  the  desired  computational  accuracy  is  speci¬ 
fied  (the  variable  increment  size)  and  the  name  under  which 
the  predicted  flow  pattern  is  to  be  filed.  Then  the  incremental 
approach  to  equilibrium  computation  is  begun. 

Following  the  completion  of  the  equilibrium  computation,  a  number  of 
impacts  are  displayed: 

1.  The  PRINT  TRIP  command  is  used  to  show  the  relationships  between 
actual  and  estimated  trip  demand  for  each  zone  pair. 

2.  Cost  data  and  actual  trips  are  displayed  by  mode  and  origin 
district,  by  mode,  and  as  totals  for  the  entire  analysis  area. 

Costs  to  users,  operators,  and  government  are  summarized,  by  the 
EVALUATE  COSTS  command . 


3. 


Accessibilities  are  computed. 
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Run  6  -  Flow  Pattern  Summaries:  Because  th;:  flow  pattern  data 
were  saved  in  network  ’BASE*  as  a  permanent  file,  it  is 
possible  in  the  sixth  run  to  display  various  summaries  of 
this  information: 

1.  Ratios  of  volume  to  capacity  for  each  link  in  the 
network  are  useful  in  locating  congested  areas.  It 
must,  however,  be  remembered  that  a  number  of  volume- 
delay  curves  have  no  congestion  at  their  capacity 
points  (access  links,  railroad  terminal  links,  etc.) 

2.  In  the  second  table,  all  link  flow  descriptors  - 
volumes,  speeds,  and  times  -  are  shown  for  every  link. 

3.  Travel  times  from  each  origin  to  each  destination  are 
shown  in  the  third  table. 

Run  7  -  Use  of  Two  Alternatives:  Runs  1-6  have  analysed  a  single 
transportation  system  alternative.  On  the  basis  of  the 
various  summaries  of  predicted  impacts,  a  new  alternative 
would  be  developed.  For  example,  alternative  'NEKRAIL' 
represents  the  upgrading  of  the  rail  system  so  that  inter¬ 
city  travel  times  would  average  90  miles  per  hour. 

Once  the  new  alternative  has  been  specified  to  the  system, 
through  use  of  the  MODIFY  commands,  or  through  runs  similar 
to  1  through  3,  the  impacts  for  it  would  be  predicted  by  a 
series  of  runs  similar  to  4  through  6.  Then  'BASE'  and 
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'NEWRAIL'  can  be  compared,  as  shown  in  this  example,  to 
determine  in  what  respects  one  is  better  than  the  other 
in  terms  of  such  measures  as  district  accessibilities, 
total  trips,  and  consumer  surpluses. 

'BASE'  and  'NEWRAIL'  data  can  also  be  used  to  project 
population  and  economic  activity  into  the  future,  when  the 
new  rail  system  will  have  been  implemented  and  will  affect 
population  and  economic  growth. 
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»  EXA^PLt  RU.'j  1  --  NETWORK  AND  SUPPLY  FUNCTION  uEUMTIGN 

'i  SPFCIFY  ONE  OF  THE  ICFS  SUESY5TEMS 

T  O  A  ^  c  r  T 

i  SET  SCALE  FACTOR  LOW  SO  LONG-DISTANCE  LINKS  CAN  BE  USED# 

USE  SCALF  FACTOR  5 •  ' 

4  GENERAL  COMMAND  FIRST  —  READ  IN  NETWORK 

READ  NETWORK  *5X3,1965',  ZONES  15,  VOL  SET  *3MODES»2* 

6  FOLLOWED  BY  INDIVIDUAL  ONE-WAY  LINK  CARDS 

LINK  1  FROM  1001  TO  1101  DISTANCE  26,5  LANES  1  VOL/DELAY  2 

i  IDENTIFIERS  OMITTED  FROM  REMAINING  LINK  CARDS 

5  DATA  ITEMS  ARE  IN  THE  SAME  SEQUENCE 


L  I  NK 

2 

1  TC2 

1102 

27.5  1 

2 

£ 

LINK 

7 

1003 

1103 

21,2  1 

2 

LINK 

4 

1004 

1104 

30.4  1 

2 

$ 

LINK 

5 

10(5 

1105 

23.°  1 

7 

s 

L  I  NK 

6 

2001 

2101 

18.0  1 

7 

$ 

LINK 

7 

?on2 

2102 

11.4  1 

3 

$ 

LINK 

8 

2nr  3 

2103 

16.8  1 

71 

s 

LINK 

o 

2:34 

2  1 C  4 

12.7  1 

3 

$ 

LINK 

10 

2305 

2  1 C  5 

15.5 

1  3 

$ 

LINK 

1  1 

30  Cl 

3101 

18.0 

1  3 

s 

LINK 

12 

3  0C2 

3102 

11.4 

1  3 

£ 

L  INK 

1  3 

30  0  3 

3103 

16.8 

1  3 

s 

LINK 

14 

2CC4 

3104 

12.7 

1  3 

£ 

LINK 

15 

20  0  8 

3105 

1  c  .  5 

1  3 

£ 

LINK 

16 

1101 

10*1 

26.5 

1  2 

£ 

link 

17 

1102 

100  2 

27.5 

1  2 

£ 

L  1  NK. 

I  8 

1 1  C  ’ 

1003 

21.2 

1  2 

£ 

L  I  NK 

19 

1 1 

]  004 

3 «...  4 

1  2 

£ 

LINK 

2  : 

ii  :c 

10  0  5 

23.9 

1  2 

£ 

LINK 

7  1 

•  A 

2101 

2001 

1«.C 

1  3 

£ 

LINK 

22 

2102 

2002 

11.4 

1  3 

$ 

LINK 

23 

2  1  C  ’ 

200  3 

16.3 

1  3 

£ 

LINK 

24 

2104 

2004 

12.7 

1  3 

S 

LINK 

’5 

210  5 

2005 

15.5 

1  3 

£ 

link 

26 

3101 

3001 

18.0 

1  3 

S 

link 

27 

3  102 

3002 

11.4 

1  3 

$ 

link 

?8 

3103 

3003 

16,8 

1  3 

S 

l  ink 

29 

3  1  r  4 

3  004 

12.7 

1  3 

£ 

LINK 

3  0 

310s 

3005 

15.5 

1  3 

£ 

LINK 

31 

IOC  1 

2001 

800  1 

1 

£ 

L  I  Mk' 

■>2 

707] 

8  on  i 

1 

£ 

LINK 

33 

300  1 

1001 

80  2  1 

1 

S 

LINK 

34 

1002 

20  02 

8  00  1 

1 

£ 

link 

35 

2or? 

30r2 

800  1 

1 

$ 

L  1  NK 

36 

3CO? 

100  2 

800  1 

1 

£ 

LINK 

3  7 

100° 

2003 

800  1 

1 

£ 

LINK 

3  8 

?  007 

3AC3 

8r  0  1 

1 

£ 

LINK 

39 

3003 

100  3 

8  00  l 

1 

£ 

LINK 

4  r. 

1  OT4 

20*4 

8on  1 

1 

£ 

L  l  NK 

41 

20  04 

3004 

800  1 

1 

£ 

LINK 

4? 

30  0.4 

1004 

80o  i 

1 

£ 

LINK 

43 

no* 

200r> 

800  1 

1 

£ 

L  INK 

4  4 

2  0  0 c> 

3  0  0  6 

8  2  1 

1 

£ 

L  I  NK 

u5 

' 0‘- 

!  • 

8 

1 

£ 

ACCESS  LINKS  FROM  ALL  ZONES  FIRST 

FIRST  DIGIT  =  MODE  NUMBER 

1  =  A I R 

2  =  RA I L 
3=ROAD 

SECOND  DIGIT  =  NODE  NUMBER  WITHIN 
DISTRICT 

THIRD  DIGIT  -  ALWAYS  ZERO 
FOURTH  DIGl T=DISTRICT  NUMBER 

VOL/DELAY  NUMBERS 

1  DUMMY  LINKS 

2  AIR  ACCESS  LINKS 

3  ROAD  AND  RAIL  ACCESS  LINKS 

4  AIRPORT  DEPARTURE  LINKS 

5  RAIL  STATION  LINKS 

6  AIR  LINE  HAUL  LINKS 

7  AIRPOT  ARRIVAL  LINKS 

8  HIGn  SPEED  RAIL 

9  LOW  SPEED  RAIL 

10  HIGH  SPEED  ROAD 

11  LOW  SPEED  ROAD 


DUMMY  LINKS 
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$ 
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$ 
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$ 
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$ 
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$ 
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64 
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$ 
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LINK 

66 

nn 

12  02 

120 

1  6 

$ 

LINK 

67 

1 3:  i 

1  203 

228 

i  6 

$ 

LINK 

68 

13  0  1 

1204 

325 

1  6 

$ 

LINK 

69 

1301 

1205 

413 

1  6 

s 

LINK 

7; 

1302 

1201 

120 

1  6 

$ 

LINK 

71 

13*7 

1203 

93  1 

6 

$ 

link 

72 

180? 

1204 

195 

1  6 

s 

LINK 

78 

1  Rr  7 

120  5 

270 

1  6 

$ 

LINK 

74 

|  I'o 

1201 

228 

1  6 

s 

LINK 

75 

]  t  *  •> 

1202 

93  1 

6 

s 

LINK 

76 

13*9 

1294 

106 

1  6 

$ 

LINK 

77 

13*7 

1205 

186 

1  A 

s 

LINK 

78 

130a 

1201 

325 

1  6 

$ 

LINK 

79 

IOC  4 

1 2C2 

195 

1  6 

$ 

LINK 

8  C 

13C4 

1203 

106 

1  6 

$ 

LINK 

81 

1304 

1205 

91  1 

6 

$ 

LINK 

82 

1305 

1201 

413 

1  6 

s 

LINK 

83 

1305 

1202 

279 

1  6 

$ 

'  T  NK 

84 

1306 

1203 

186 

1  6 

$ 

L  I  NK 

8  5 

1  305 

12C4 

91  1 

6 

$ 

LINK 

86 

2201 

2301 

6.8 

2  9 

s 

LINK 

9  7 

2  7  9  ’ 

2.-91 

6.8 

1  0 

L  INK 

RR 

2391 

2902 

178 

•  4 

1 

LINK 

R  9 

2  2r  7 

23*! 

128 

•  4 

1 

L  1  NK 

C 

2  2r  ? 

2392 

3.7 

2 

L  I  MK 

9  1 

2  3  02 

2202 

3.7 

2 

LINK 

Q  7 

2  3*7 

2203 

87.7 

2 

LINK. 

93 

22C3 

2302 

87. 

7  ; 

>  (Q 

LINK 

04 

2  2  '  ? 

230? 

2  8 

*  6 

2 

l  INK 

9  5 

2  7  07 

2  203 

28 

.  6 

2 

LINK 

9b 

2  3  O' 

2  204 

43 

.9 

2 

L  I  NK 

o  7 

2  2  04 

2  3  0  3 

49 

.9 

2 

L  I  "K 

Cf 

7  2*4 

7?  74 

1  "> 
i 

.  1 

1 

l  *  M  ✓ 

r\  r. 

7  •>  ~  /, 

“  n 

.  1 

i 

*  *  * 
t  .  ,  8 

*  •  .) 

,  7  7  C, 

• 

1 

1 

TERMINAL  LINKS 
AIRPOKTS  FIRST 


THEN  RAILROAD  STATION 


LINE  HAUL  AIR  LINKS 

DIRECT  CONNECTIONS  BETWEEN  ALL 

DISTRICTS 


BEGINNING  OF  RAIL  LINKS 

8 

8 

9 

9 

8 

9 

9 

8 

H 

9 

O 

9 


LINK 

101 

2205 

2304 

136.9 

1 

91 

8 

s 

LINK 

102 

3101 

3201 

5.8 

3 

11 

$ 

LINK 

103 

3201 

3101 

5.8 

3 

11 

s 

LINK 

104 

3201 

3402 

99.0 

2 

10 

s 

LINK 

105 

3402 

3201 

99.0 

2 

10 

$ 

LINK 

106 

3102 

3202 

23.7 

2 

11 

$ 

LINK 

107 

3202 

3102 

23.7 

2 

11 

$ 

LINK 

108 

3202 

3402 

13.3 

2 

10 

$ 

LINK 

109 

3402 

3202 

13.3 

2 

10 

s 

LINK 

110 

3102 

3302 

5.9 

2 

11 

s 

LINK 

111 

3302 

3102 

5.9 

2 

11 

s 

LINK 

112 

3302 

3602 

13.1 

2 

10 

s 

LINK 

113 

3602 

3302 

13.1 

2 

10 

s 

LINK 

114 

3402 

3502 

2.7 

2 

11 

s 

LINK 

115 

3502 

3402 

2.7 

2 

11 

$ 

LINK 

116 

3502 

3602 

37.3 

2 

10 

s 

link 

117 

3602 

3502 

37.3 

2 

10 

$ 

LINK 

118 

3602 

3702 

5.3 

3 

11 

$ 

LINK 

119  3702 

!  3602 

5.3 

3  11 

$ 

link 

1.20 

3702 

3203 

78.7 

3 

10 

s 

LINK 

121 

3203 

3702 

78.7 

3 

10 

s 

LINK 

122 

3103 

3203 

6.0 

3 

11 

$ 

LINK 

123 

3203 

3103 

6.0 

3 

11 

$ 

LINK 

124 

3103 

3303 

2.0 

3 

11 

s 

LINK 

125 

3303 

3103 

2.0 

3 

11 

s 

LINK 

126 

3203 

3403 

2.7 

3 

11 

s 

LINK 

127 

3403 

320S 

2.7 

3 

11 

$ 

LINK 

128 

3303 

3503 

6.0 

3 

10 

s 

LINK 

129 

3503 

3303 

6.0 

3 

10 

s 

LINK 

130 

3403 

3503 

7.8 

3 

10 

$ 

LINK 

131 

3503 

3403 

7.8 

3 

10 

% 

LINK 

132 

3503 

3603 

10.5 

3 

11 

$ 

LINK 

133 

3603 

3503 

10.5 

3 

11 

s 

LINK 

134 

3603 

3104 

102,6 

10 

$ 

LINK 

135 

3104 

3603 

102.6 

*: 

1  10 

s 

LINK 

136 

3104 

3204 

8.5 

2 

11 

s 

LINK 

137 

3204 

3104 

8.5 

2 

11 

$ 

LINK 

138 

3204 

3105 

99.5 

2 

10 

$ 

LINK 

139 

3105 

3204 

99,5 

2 

10 

s 

S 

ALL 

data 

CARDS 

HAVE  NEEN 

READ, 

%  BEGIN  NETWORK  CHECKING  AND  BUILDING 

EDIT  NETWORK 

S  FILE  NETWORK  FOR  FUTURE  REFERENCE 
STORE  NETWORK 

S  READ  IN  SUPPLY  FUNCTION  LIBRARY 

READ  VOL/DELAY  *3MODES»Z'*  FUNCTIONS  11.  POINTS/FUNCTION  4 

$  OUMMV  LINKS 

V/D  1  LOCAL  301214161 

S  AIR  ACCESS  LINKS 

V/D  2  LOCAL  3  0  1.25  10000  1.25  11000  1.25  12000  1.25 
*  ROAD.  RAIL  ACCESS  LINKS 

V/D  3  LOCAL  3  0  1.667  10000  1.667  11000  1.667  12000  1.667 
S  AIRPORT  DEPARTURE  LINKS 

v/n  4  LOC  3  :•  28  1  75  3  31.5  2240  3R  2450  68 
S  railroad  STATION  LINKS 
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V/D  5  LOCAL  3  0  10  100000  10  110C0C  10  120000  10 

*  AIR  LINE  HAUL  LINKS 

V/D  6  EXP  3  0  .197  5000  .197  6000  .197  7000  .197 

S  AIRPORT  ARRIVAL  LINKS 

V/D  7  EXP  3  0  15  1750  17  2240  23  2450  35 

*  HIGH  SPEED  RAIL 

V/D  8  ART  3  C  .924  15000  1.09  35000  2.0  40000  5.0 
I  LOW  SPEED  RAIL 

V/D  o  ART  302  15000  2.4  35000  4  40000  10 

*  HIGH  SPEED  ROAD 

V/D  10  LOCAL  3  0  1  6400  1.2  8000  2.0  8800  4 
l  LOW  SPEED  ROAD 

V/D  11  LOCAL  303  6400  3.6  8000  6  8800  12 
EDIT 

$  file  supply  functions  for  future  reference 

STORE  VOLUME  DELAY  SET 
EJECT 


str  SCA  €  EACTT*  ION  SO  Lf’NO-OIST^N'f  LINKS  CAN  AE  USED 
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*  EXAMPLE  Run  2  --  DISTRICT  DATA  DEFINITION 
transet 

i  READ  IN  DEMAND  MODEL  PARAMETERS 

INPUT  MODAL  SPLIT  PARAMETERS  1.805E5  .5  .5  .5  .5  -2.09  -2.18 
-.955  -2.74  0  .10 

$  READ  IN  POPULATION,  INCOME,  AND  HOLDING  CAPACITY 


s 

FOR 

ALL  DISTRICTS 

INPUT 

DISTRICT  DATA,  DISTRICTS  5 

DIST 

1 

4415 

2135 

5345 

WASHINGTON 

DIST 

2 

5448 

2079 

6104 

PHILADELPHIA 

DIST 

3 

16243 

2414  2 

0225 

NEW  YORK 

DI  ST 

4 

2611 

2131 

3120 

HARTFORD  -  NEW  HAVEN 

DIST 

5 

5278 

2032 

6544 

BOSTON 

$ 

FILE 

DISTRICT  DATA 

FOR 

FUTURE  REFERENCE 

KEEP  DISTRICT  DATA  ' 5CENTERS • 
EJECT 


»(U  IM  OHMD  fMWfll'S 


02 
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$  EXAMPLE  run  3  --  modal  data  definition 
TRANSET 

$  SPECIFY  TRANSPORT  POLIO*  OPTIONS  CF  FARE »  SERVICE  FREQUENCY 


INPUT 

'  MOD \L 

SERVICE 

DATA, 

MODES  3 

,  DISTRICTS  5 

DATA 

MODE  1, 

•AIR', 

SPEED 

200 

COST 

3.S 

13.1 

16.1 

23.7 

27,9 

COST 

13.1 

1.0 

12.4 

21.0 

25.6 

COST 

18.1 

12.8 

0.0 

13.0 

15.7 

COST 

23.7 

21.0 

14. 1 

2.8 

10.6 

COST 

27. 9 

25.9 

15.7 

10.4 

3.1 

freo 

13.  r. 

23.1 

21. 2 

8.9 

18.7 

FREQ 

25.1 

0.0 

17.6 

12.7 

17.5 

freo 

22.1 

19.6 

0.0 

10.2 

37.7 

FREQ 

8.7 

12.5 

9.9 

1.0 

10.7 

FREQ 

19.8 

18.9 

36.6 

10.2 

4.5 

DATA 

MODE  2 

'RAIL*  , 

SPEED 

50 

COST 

1.5 

7.7 

11.0 

17.2 

22.4 

COST 

7.7 

2.2 

6.1 

12.8 

18.7 

COST 

11.0 

6.1 

1.5 

6.9 

12.1 

COST 

17.2 

12.8 

6.8 

2.8 

c  *  8 

COST 

22.  A 

18.7 

12.1 

6.8 

1.9 

FREQ 

10.5 

21.5 

20,0 

13.7 

1  i.8 

FREQ 

20.3 

24.0 

28.8 

15.8 

12,4 

freo 

17. P 

?9  «  A 

38.? 

17.9 

11.4 

FREQ 

14.1 

17.5 

17.7 

9.2 

7.6 

freo 

12.4 

13. C 

11.8 

7.9 

9.  1 

DATA 

MODE  3, 

'ROAD* 

.  SPEED 

45 

COST 

00.00 

03.3A 

05.80 

08.17 

10.55 

COST 

03. 3* 

00.00 

02.78 

05.16 

07.54 

COST 

05.80 

02.78 

00.00 

02.62 

05.00 

COST 

08.17 

05.16 

02.62 

00.00 

02.58 

COST 

10.55 

07.54 

05.00 

02.53 

00. CO 

FREQ 

00.00 

96.00 

96.00 

96.00 

96.00 

FREQ 

96.0  0 

00.00 

96.00 

96.00 

96.00 

FREQ 

96.00 

96.00 

CO. 00 

96.00 

96.  CC 

FREQ 

96.00 

96.00 

96.00 

00.00 

96.0  0 

FREQ 

96.00 

96.00 

96.00 

96.00 

00.00 

S  SPECIFY  TECHNOLOGICAL  CHARACTERISTICS  OR  EACH  MODE 

I NDUT  MODAL  COST  DATA,  v.ODE  'AIR*,  SUBSICY  75CCCOOO  FIXED  COST  - 
1CT0G0C00  VARIABLE  COSt  RATE  .07  TAX  RATE  .03 
INPUT  MODAL  COST  DATA,  MODE  'RAIL',  SUBSIDY  C  FIXED  COST  - 
80000000  VARIABLE  COAT  RATE  .02  TAX  RATE  .00 
INPUT  MOD/,’-  COST  DATA,  MODE  'ROAD',  SUBSIDY  0  FIXED  COST  - 
-AfO  -O-'O  VARIABLE  COST  RATE  .013  TAX  RATE  C 
i  FILE  MODAL  DATA  f OR  FUTURE  REFERENCE 

<r P  MODAL  RATA  *5X3  NO.  ]  » 

ej~ct 


T 

J04  ! 


v>  •  .o*c».  •  t  :ou.  »t*a 


cmr  '••.it  cs,i6  02. t?  on. or 
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$  EXAMPLE  RIJN  4  —  CALCULATION  OF  ESTIMATED  TRIP 

TRANSET 

$  RETRIEVE  DATA  PREVIOUSLY  FIlED 

LOAD  NETWORK  » 5X3* 1965  ‘ 

6ET  DISTRICT  DATA  «5CENTcRS» 

GET  MODAL  DATA  «5X3  N0.\« 

PREDICT  POTENTIAL  TRIP  • BASE •  GEN  «3ASE» 

*  FILE  ESTIMATED  TRIPS  AND  DEMAND  FUNCTION  DATA 

S  FOR  FUTURE  REFERENCE 

S' ORE  TRIP  MATRIX 

STORE  GEN  RATE  SET 

EJECT 
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!>  EXAMPLE  RUN  5  --  EQUILIBRIUM  AND  IMPACTS 

transft 

s  RETRIEVE  DATA  PREVIOULSY  FILED 

LOAD  NETWORK  • 5X3 t 1965' 

LOAD  TRIPS  'BASE* 

LOAD  VOl./DELAY  SET  '3MODCS,2* 

LOAD  GEN/RATE  SET  'BASE* 

GET  DISTRICT  DATA  '^CENTERS' 

GF  T  MODAL  DATA  *5X3  NO.l' 

$  DEFINE  VARIABLE  INCREMENT 

USE  INCREMENT  50  PERCENT 

*  SPECIFY  NAME  OF  NETWORK.  WHICH  WILL  INCLUDE 

$  THE  ;.0UI  LIBRIUM  CONDITIONS 

SAVE  ASSIGNVENT  RESULTS  IN  NETWORK  'BASE* 

S  START  THE  INCREMENTAL  APPROACH  TO  EQUILIBRIUM  COMPUTATION 

PREDICT  ACTUAL  TRIPS 

J.  OUTPUT  ACTUAL  AND  ESTIMATED  TRIP  DEMANDS 

i  CONTRARY  TO  HEADING,  TRIPS  ARE  IN  PASSENGERS  PER  DAY 
PRINT  TRIP  MATRIX  ‘BASE* 

$  OBTAIN  COST  DATA  BASED  ON  ACTUAL  FLOW  PATTERN 

EVALUATE  COSTS  TIME  VALUE  2.00  WAIT  FACTOR  .50 
$  OBTAIN  ACCESSIBILITY  DATA  AND  DEFINE  ALTERNATIVE  DATA, 

$  TO  BE  USED  IN  COMPARE  AND  PREDICT  DISTRICT  DATA  COMMANDS. 

EVALUATE  ACCESS,  ALTERNATIVE  ‘BASE1 

EJECT 


LOAD  VOL/WLAV  SET  •VAODES.?’ 
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S'  example  run  g  --  flow  n  a  t  t  c  r  n  summaries 
transit 

s  CHECK  FOR  CON JEST  ION  POINTS 

S  CONTRARY  TO  HEADING)  VOLUME  IS  IN  PASSENGERS  PER  DAY 
RECUEST  FINAL  PRINTOUT  OF  VOL  CAPACITY  RATIOS  FROM  NETWORK  ‘BASE 
FOR  ALL  LINKS 

S  LIST  ALL  LINK-BASED  FLOW  PATTERN  DATA 

S  VOLUMES  AGAIN  IN  PASSENGERS  PER  DAY 

REGUEST  FINAL  PRINTOUT  CF  LINK  VOLUMES)  SPEEDS)  AND  TIMES  FROM 
NETWORK  'BASE'  i OR  ALL  LINKS 

s  INTER?ONAL  TRAVEL  TIMES  —  ALL  ENTRIES  CORRESPONDING  TO  - 

$  ZERO  TRIPS  ARE  MEANINGLESS  -  SEE  TRIP  MATRIX. 

REQUEST  FINAL  PRINTOUT  OF  TRAVEL  TIMES  FROM  NETWORK  'BASE*  - 
FOR  ALL  ZONES 
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EXAMPLE  RUN  7  - 
BASE  — 
NEWRA1L 


USE  OF  TWO  ALTERNATIVES 

DEFINED  IN  run  5  ,.,/T-iv 

UPGRADING  OF  RAIL  TO  APPROX  I  MAT t LY 

90  KPH  IN  THE  CORRIDOR 


TRANSE  DIFFERENCES  BETWEFN  THE  TWO  ALTERNATIVES 

JovPAR?' BAarSs!BlLU,1s!  WPS,  SURPLUSES,  altw^hves  - 
INFORM  L'  AND  1  P A S r  1  i  TIME  VALUE  2.00  WAIT  FACTOR  0 
S  SHOW  THE  AFFECT  THE  NEW  ALTERNATIVE  WILL  HAVE  ON 

S  POPULATION  AND  INCOME  IN  1975 

^n?;rs!^KrD;^srOT«ivE  .**«•  »uw.t|v 

InE-Ia’L'  ACCESS  WEIGHT  1.0.  POPULATION  GROWTH  RATt  -15 
REGIONAL  PRODUCT  GROWTH  RATE  .35 


FINISH 


.iwui  --  ijpr.p  i  *r.  r»  »*u  rc  »n  wh  is  (>u 


3SWU  jAll*KD3n»»  -  <  }AI1VN*H1  IVI  30*  *an*rt  S3n3»A 


127 


a 

c 

X 


c  o  o  o  r 

u.  U.  u.  u-  tu 

I*  O  f\  * 

W>  <C  *  *  « 

p-  c  **  —  *. 

O  (T  O 

—  f\  Ni 


ft. 

3 


a 

e  *  «  **  *  « 

X  C  *  *  ft* 

m*  ft.  <#  N 


o 

c 

a 

o 


w* 

ft. 


m. 

o 

o  o 

o 

C 

o 

ft 

at 

ft 

ft 

uu 

_ « 

c 

£ 

u 

o 

o 

o 

o 

w 

ft 

» 

u. 

ft 

u. 

* 

kM 

O 

X 

ft* 

X 

ft 

ft 

X 

c 

*. 

V 

ft. 

ft 

n 

ft 

O 

c 

«c 

T 

X 

« 

UJ 

c 

PS. 

O  «M 

ft. 

c 

ft 

V 

a 

c 

I 

« 

• 

O 

C  O 

c! 

• 

o 

o 

at 

▼ 

a 

••• 

u 

£ 

ft 

*  * 

ft 

sr 

ft 

X 

c 

o  c 

r- 

Q 

a 

ft 

•*  ft* 
O  ft. 

¥ 

* 

u. 

p* 

ft 

ft  © 

ft 

o 

fv 

u 

K 

o  ft 

ft 

p* 

ft 

-t 

o 

ft  - 

9 

ft 

* 

•• 

ft 

V* 

ft.  <N 

► 

m 

m 

• 

•  • 

• 

• 

• 

at 

o 

o  o 

O 

C 

O 

N  O  *  N  O 


N<«0  ^ 
<#  4  r  ^  c 

O  <  PS  **  ft* 


o 


-» 

s: 


IS 

-  c 


e 

o 

X 


X 

u 


^  f  /  «r  ■# 

C  O  o  c  o 

u-  a-  U3  u  U 

ft*  4  ft.  ft.  r 

#  *  * 


•»  <^ck 


4  P  *  *  • 

•  •»  e  s  © 

C  ft*  -  X  • 

•  o  ft*  x  tr 
«*  ^  **  *,  •* 

•  •  •  ‘r  1 

OOOOO 


* 

o 

c 

« 


•# 

* 

o 


C2 

O  . 


r 

c 


«.  UJ 

41 

• 

•  •  •  • 

a 

-ij 

ft 

u.  x 
> 

O  ©  Cj  O  O 

o 

u.  O 
> 

ft  * 

^  at 

«  m 

ec  a. 

"  5 

pm 

NS- 

*s. 

ft*  ft. 

o 

o 

O  O  O 

O 

•t  X 

ft 

u*  1 

kW 

ki  U  tk 

u. 

l..  ft 

X  ft 

4) 

^  «  o 

X 

X  < 

5  u. 

o 

C  IT  N 

o 

a  - 

v/»  o 

c 

ft* 

^  —  tf* 

{ 

c 

X  X 

«• 

-  »r 

X  c 

« 

C  JL 

c 

•» 

o  ft*  cr  •* 

I/1 

c  ^ 

rr 

kj  ^ 

« 

a 

a  •  •  • 

a 

SJ  1* 

ft 

o  c  o  e  o 

c* 

X  « 

i 

»  t  | 

1 

X 

_  p 

S«. 

k. 

w 

Q 

t 

c 

* 

f  4  4  * 

i T 

J? 

X 

u 

O  O  o  o 

C 

y' 

X 

o  o  e  r  c 


O  C  Q  O  O 
•  •  •  •  ♦ 
©too© 


© 


« 

3 


•«  o  c  c  c  c 
ft  *  •  •  •  « 

ecoco 


c 

* 

© 


vu 

31 


^  N  ft-  «#  t 


f 
*■** 
*  o 
I  *•* 

X 


v%« 

S: 


•ft  ft*  <ft  ft  ft  «*  «» 


4- 

s 


XU 

3« 

8£ 

O 


ft 

X 

—  X  ft  *  -  — 


X  U 

o  x 

Is 

c 


*MS|>  01  -ft.I?n?IF  02  -3.1t*«Sf  ft* 

I  2SR9F  0*  O.ft  -O.SftlTRF  <>* 

i2assf  o*  0. /Mine  ot  -o.iosisf  os 

H2SIF  Cl  -3.*MYTF  ft!  -  0.  Rft?S  ?  F  ft* 
«*bS<>t  01  ft.  G  -C.*SISTF  ft* 


128 


f  ' 


$ 


p«FCIO  DISTRICT  DAT*.  1ASF  ALTERNATIVE  •'MSF*  NE  M  XTERNATIVF  •NF«R*U 
*rCFSS  WEIGHT  |.C.  FOPUMUS  GRftwTHTSTE  .IS,  REGIONAL  RROOUC T  GROWTH 
RATE  .IS 


At  TFHNA1I  VF  NEwHAIL 


129 


K  *S-  I*  IT  fIN  * 

*  ~  "If  OKff 

II  >k  t  •  •  •  • 

u  a  <*“  *>  *  O 

f\-  o  ^ 

u.  r 

a  *- 


130 


4.0  Prototype  Analysis  Experiments 

The  prototype  analysis  system  has  been  used  to  provide  data 
for  the  analysis  of  a  number  of  issues: 

1)  how  the  results  of  an  equilibrium  analysis  can  differ  from 
"non-equilibrium"  analyses; 

2)  how  alternative  transportation  networks  will  impact  on 
users;  on  transportation  operators;  on  governmental  costs 
and  revenues;  and  on  the  regional  pattern  of  population 
and  income  distribution; 

3)  how  impacts  vary  for  different  combinations  of  capital 
investment  in  fixed  facilities  (the  network),  changes  in 
fares,  and  changes  in  service  frequency; 

4)  how  different  time  staging  strategies  of  investment  in 
transportation  can  affect  the  growth  of  th  .  region,  including 
the  variations  due  to  timing  of  investment  and  due  to  changes 
in  the  sequence  of  investment  in  various  links  in  the  network; 

5)  how  a  transportation  sensitivity  analysis  can  be  done  in  the 
network  context,  to  determine  the  sensitivities  of  impacts 
with  respect  both  to  key  data  variables  and  to  exogenous  policy 
decisions . 

The  analysis  of  each  of  these  f<ve  issues  has  been  termed  an 
"experiment."  Complete  descriptions  of  these  experiments  are  given  in 


Chapter  V  of  the  Prototype  Analysis  report. 
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For  this  summary  report,  two  major  themes  arising  from  these 
experiments  are  significant: 

a.  the  errors  introduced  by  "non-equilibrium''  analyses; 

b.  the  systematic  analysis  of  options  and  impacts. 

These  two  themes  will  be  discussed  in  the  following  sections. 

For  descriptions  of  the  other  experiments,  especially  those  on  time¬ 
staging  of  alternatives  and  sensitivity  analyses,  the  reader  is 
referred  to  the  Piototype  Analysis  report. 


5.0  Equilibrium  vs.  Non-Equilibrium  Analysis 


5.1  Purpose  of  the  Experiment 

An  important  conclusion  of  the  research  project  is  that 
transportation  systems  analysis  in  general  is  an  equilibrium  problem 
and  that  particular  substantive  analyses  should  be  designed  to  determine 
transportation  equilibria.  It  can  therefore  be  asked  whether  equilibrium 
analysis  is  necessary,  or  whether  more  traditional  non-equilibrium 
analyses  are  just  as  good.  This  experiment  has  been  designed  to  show 
what  can  happen  when  non- equilibrium  analyses  are  attempted  in  the 
Northeast  Corridor.  The  differences  between  equilibi  lum  a r«d  v sl l.  jus 
non-equilibrium  analyses,  and  the  errors  introduced  by  non-equilibrium 
analyses  car.  then  be  shown. 

5.2  Experimental  Design 

A  set  of  five  runs  T,as  devised  to  show  various  types  of  non¬ 
equilibrium  analyses.  The  characteristics  of  the  five  runs  are 
illustrated  in  Figure  1 1 1— 3  (V=volume,  t  =  trip  time).  The  runs  progress 
from  the  fixed  demand-fixed  supply  case  to  the  varying  demand-varying 
supply  case  which  represents  a  true  equilibrium  analysis.  This  progress¬ 
ion  is  described  in  the  following  paragrapshs. 

Run  1 ■  Fixed  interdistrict  demand  by  mode  is  predicted,  based  on 
the  assumption  that  door-to-door  travel  will  occur  at  the  speed  of  the 
fastest  links  for  a  mode.  When  the  term  door-to-door  is  emphasized,  the 
.  ilacv  of  this  assumption  is  obvious;  but  it  is  the  basis  of  such 
common  1 v-hearu  erroneous  statements  as  the  following: 


Figure  1 1 1  —  3 :  Equilibrium  vs.  Non-Equilbr ium  Runs 
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a.  air  travel  is  ten  times  faster  than  auto  travel  and  eight 
times  faster  than  train  travel 

b.  rail  t*.av  l  .an  never  be  as  fast  as  air  travel 

c.  bus  travel  is  just  as  fast  as  auto  travel 

Link  travel  times  remain  constant,  equal  to  free  flow  conditions,  in 
all  portions  of  the  network.  No  adjustments  are  made  to  link  travel  times 
as  volumes  increases. 

Run  2:  Fixed  interdistrict  demand  by  mode  is  predicted,  based  on 
estimated  door-to-door  travel  times.  This  run  corresponds  to  a  common 
planning  procedure  in  both  urban  and  regional  areas. 

Run  3:  A  time-sensitive  demand  function  is  used,  but  the  volume 
corresponding  to  free-speed  travel  time  is  chosen.  This  occurs  because 
travel  times  on  links  remain  constant,  equal  to  free-flow  conditions. 

This  run  resembles  transportation  "demand"  studies  which  ignore  the 
variation  of  travel  times  as  demand  levels  and  network  usage  vary. 

Run  4 :  Fixed  interdistrict  demand  by  mode  is  predicted,  based  on 
estimated  door-to-duor  travel  times.  Varying  supply  functions  represent 
actual  relat ionshit s  between  volumes  and  times.  This  run  corresponds  to 
the  most  commu;  urban  transportation  planning  procedures. 

Run  5:  Varying  demand  functions  and  varying  supplv  functions  are 
used.  This  run  of  the  five  runs  therefore  corresponds  most  closely  to  a 


true  equilibrium  analysis. 
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5 . 3  Hypotheses  to  be  Tes ted 

The  results  of  the  five  runs  discussed  in  the  previous 
section  can  be  hypothesized,  based  on  knowledge  of  how  each  run  approxi¬ 
mates  supply  and  demand  functions: 

Run  1  can  be  expected  to  consistantly  overestimate  predicted 
trips  and  underestimate  predicted  trip  times.  Therefore,  system 
measures  which  are  directly  proportional  to  trips  —  such  as  total 
trips,  total  user  fares,  accessibility,  and  government  revenues  will 
be  overestimated.  Operators'  profit  will  also  be  overestimated  unless 
fares  per  mile  are  less  than  variable  costs. 

Measures  inversely  proportional  to  trips,  such  as  operators'  profit 
per  passenger  and  government  revenue  per  passenger,  will  be  underestimated. 
Total  user  costs  can  be  either  over-  or  underestimated,  depending  on  the 
relative  errors  in  travel  times  and  volumes. 

Run  2  may  either  over-  or  underestimate  trips,  but  can  be  expected 
to  consistantly  underestimate  travel  times.  The  errors  in  travel  time- 
related  measures  will  tend  to  be  low .  However,  in  a  me  .sure  such,  as 
total  user  cost,  which  depends  on  both  trips  and  travel  times,  a  large 
over-ost  imation  of  trips  m.av  outweigh  the  underest  i  ma  ted  travel  times. 


Run  <  ' 

will  always 

ovefest  im.a  te  tri 

underest  irate 

travel  :  imos 

he  ertvt  - 

caused  are 

as  d  i  Si ussed  :  > ' r 

Run  1  . 

lit  hunch  them 

are  likelv 

to  h.i'.’e  srallor  magnitudes. 

Kr.n  ..  will  either  over  er  un.tete-*  t  i"  »i  e  *■  •  *. !:  volume*,  and  1 1  avo  l 
t  i~.es  at  t  •■I"e  tie.  It  \  i  *  1  there'.-;,  ;  ,  •  .  ’  i  ;•  ovoved  i.'t  >  h  !  e  er 


!  U) 

in  alt  volume-  /or  time-related  measures  and  in  ail  measures  directly 
related  to  both  volumes  and  times. 

Run  5  will  estimate  accurately  both  volumes  and  travel  times. 

Any  errors  will  be  due  to  the  approximations  included  in  the  incremental 
approach  to  determining  network  equilibrium. 

5 . 4  Experiment  Data 

Nearlv  ali  of  the  data  used  in  the  equilibrium  runs  is  the  same 
as  th-'  data  used  to  establish  the  Base  Case,  as  described  in  the  prototvpe 
analysis.  The  exceptions  are  the  cruise  speeds  used  to  predict  demand  in 
Run  1,  the  estimated  speeds  used  to  predict  demand  in  Runs  2  and  4,  and 
the  fixed  supply  functions  used  in  Runs  1,  2,  and  3. 

Cruise  speeds  were  set  at  the  maximum  speeds  on  line-haul  links  for 
each  mode.  These  maxima  are: 

1)  air  mode:  300  miles  per  hour,  based  on  1960  to  1965  average 

schedules  for  piston-powered  aircraft; 

2)  rail  mode:  60  miles  per  hour,  based  on  present  schedules; 

3)  road  mode:  55  miles  per  hour,  based  on  present  speed  limits. 

The  estimated  speeds  used  t"  predict  demand  on  Runs  2  and  4  were 

obtained  by  determining,  from  Base  Case  output,  the  average  predicted 
door-to-door  speed  (total  passenger-mi les  divided  bv  total  "ussenger- 
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By  using  these  averages,  the  variations  of  speeds  for  different 
origin  -  destination  district  pairs  is  ignored  in  Runs  2  and  4. 

The  fixed  supply  functions  used  in  Runs  1,  2,  and  3  are  formed 
by  using  the  travel  time  at  zero  volume,  from  the  standard  functions, 
as  the  travel  time  at  all  volumes,  as  illustrated  in  Figure  1II-4. 

5 . 5  Summary  of  Resul ts  -  Equilibrium  Experiments 

General  Characteristics  —  Total  Trips,  Average  Travel 
Times :  In  this  section,  the  results  obtained  are  compared 
with  Run  5,  the  Base  Case  discussed  in  Section  3.6. 

As  would  be  expected,  Run  1  greatly  overestimates  trip-making 
by  using  line-haul  speeds  rather  than  door-to-door  speeds.  This  is 
especially  true  for  air  travel,  for  which  travel  times  assuming  line 
haul  speeds  are  only  about  30%  of  actual  travel  times.  Run  1  predicts 
about  ten  times  too  many  air  trips,  and  about  two  times  too  many  road 
trips.  In  Runs  2  through  5,  trip-making  variations  are  much  less  pro¬ 
nounced.  Run  3,  with  trips  based  on  free  speeds,  predicts  a.'r  and  rail 
trips  consistently  higher,  but  within  three  per  cent  of  Run  5.  Road  trips, 
however,  are  over  50  percent  too  high,  indicating  that  highway  congestion 
effects  are  significant.  Runs  2  and  A,  with  trips  based  on  estimated 
speeds,  are  within  three  percent  of  Run  5,  for  rail  and  road  trips,  in¬ 
dicating  a  good  estimate  of  average  speeds  by  these  modes.  Air  trips  in  Runs 
2  and  A  are  high  bv  24  percent,  indicating  a  poor  estimate  of  the  average 
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Interzonal  travel  times  as  predicted  by  the  first  three  runs 
are  ail  equal  to  free-speed  travel  times.  Although  the  actual  travel 
times  which  would  result  if  the  predicted  number  of  trips  used  the  network 
a*-e  not  generated,  they  would  undoubtedly  be  very  high  for  Run  1,  which 
has  many  trips,  and  significantly  higher  than  predicted  for  Runs  2  and  3. 
Interzonal  travel  times  for  Run  4  are  correct  in  the  sense  that  they 
correspond  to  an  intersection  of  actual  flows  and  the  supply  functions, 
but  incorrect  in  that  cuey  do  not  correspond  to  an  intersection  of  actual 
flows  and  the  demand  functions. 

Inconsistencies  in  Non-Equilibrium  Results:  The  results  obtained 
for  the  trips  by  a  single  mode  —  road  —  between  a  single  zone  pair  — 

New  York  ar.d  Hartford  —  will  be  presented  in  detail  to  show  the  in¬ 
consistencies  inherent  in  non-equilibrium  analyses. 

The  results  of  the  five  runs  for  the  specified  trips  are  summarized 
in  the  following  table: 

New  Yor k  to  Hartford  Road  Trips 


Run 

Tr  ips 

(pa  s  s  e  nge  r  s  /  d  a_v) 

Travel  Time 
(minutes) 

1 

21 . 332 

195.4 

2 

10, 366 

195.4 

3 

16, 618 

195.4 

4 

10,566 

218.0 

5 

12.6)2 

K> 

o 
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These  data  uiid  their  relationships  to  the  actual  supply  and 
demand  functions  are  shown  in  Figure  I I I— 5 . 

The  Run  1  and  2  results  do  not  fall  on  either  of  the  actual  supply 
or  demand  functions  because  fixed  supply  and  demand  values  were.  used. 

The  Run  1  volume  level  is  determined  by  the  intersection  of  the  cruise 
travel  time  and  the  demand  function,  point  A.  This  volume  level  would 
result  in  a  very  high  travel  time,  point  B.  The  Run  2  volume  level  is 
determined  by  the  intersection  of  the  estimated  travel  time  and  the 
demand  function,  point  C.  This  volume  level  would  result  in  a  travel 
time,  point  D,  which  is  larger  than  the  run  results,  but  less  than  the 
estimated  time. 

The  Run  3  results  fall  on  the  demand  function,  but  not  on  the  supply 
function,  because  the  varying  demand  function  and  a  fixed  function  were 
used.  The  volume  level  is  determined  by  the  intersection  of  the  free 
travel  time  and  the  demand  function.  The  travel  time  which  would  result 
at  this  volume,  point  E,  is  significantly  higher  than  the  predicted 
value . 

The  Run  4  results  fall  on  the  supply  function,  but  not  the  demand 
function,  because  the  varying  supply  function  and  a  fixed  demand  function 
were  used.  The  volume  level  is  the  same  as  for  Run  2,  but  the  travel  tune 
has  been  adjusted  to  reflect  the  effects  of  volume-varying  demand. 

The  Run  5  results  represent  the  true  equilibrium  point,  the  inter¬ 
section  of  the  supply  and  demand  functions.  Both  volume  and  travel  time 
are  stable  at  the  predicted  point:  no  adjustments  are  necessary. 
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The  results  shown  in  Figure  III-5  for  a  specific  <vone  pair  and 
mode  substantiate  the  hypotheses  discussed  in  Section  5.3.  In  this 
case,  Runs  2  and  4  underestimate  trips  because  the  estimated  time  is  too 
high.  Run  4,  therefore,  also  underestimates  travel  time. 

These  results  demonstrate  graphically  the  errors  involved  when 
non-equilibrium  analyses  are  vised  instead  of  equilibrium  approaches. 


igure  III-5 :  Supply  and  Demand  Relationships,  New  York  to  Hartford  Round  Tri 
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6 . 0  Systematic  Explorati on  of  Options  and  Impacts 

Often,  in  using  computers  for  problem-solving,  far  too  much 
emphasis  is  placed  upon  getting  the  computer  model  running;  not  enough 
attention  is  given  to  how  the  model  is  to  be  used  once  it  is  running. 

A  major  objective  of  the  prototype  analysis  was  to  demonstrate  how 
prediction  models  should  be  used  in  transportation  systems  analysis. 

The  basic  issues  are  these:  what  different  combinations  of  options 
can  achieve  the  same  impacts;  what  different  combinations  of  impacts  (o.: 
different  groups)  can  be  achieved  (by  any  combination  of  options).  Using 
TRANSET  II  as  a  laboratory,  a  number  of  experiments  were  conducted  to 
trace  out  such  tradeof f s . ^  These  are  illustrated  in  Figures  III-6 
through  III-9.  The  relationships  in  these  figures  were  derived  from 
data  produced  by  a  series  of  computer  runs.  In  these  runs,  three  levels 
of  fare  and  three  of  frequency  were  explored,  resulting  in  9  combinations. 
This  sample  provided  the  basis  for  inferring  the  relationships  shown  in 
the  figures  (except  Figure  III-9,  as  noted  below). 

Figure  1 1 1  —  6  shows  how,  as  frequency  of  service  between  two  points 
is  increased,  fare  must  also  be  increased  to  maintain  the  same  volume 
of  trips  in  uhe  system  (e.g.  1.10  =  1  1 00,000  trips  per  day).  Thus,  this 
figure  shows  how  two  options  -  fare  and  frequency  over  one  single  route  - 
must  be  manipulated  together  to  achieve  a  constant  level  of  one  impact  - 
total  trips.  In  Figure  III-7,  this  same  approach  is  extended  to  con¬ 
sideration  of  several  different  impacts  simultaneously:  total  trips  in 
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the  system;  total  trips  to  or  from  Philadelphia;  average  trip  time- 
all  trips;  average  trip  time-Philadelphia  trips;  operator  profit;  net 
benefit  to  the  region  as  a  whole. 

In  Figure  111-8,  the  impacts  are  shown  on  the  axes.  Thus,  the 
same  data  is  now  shown  as  traueoffs  between  impacts  -  in  this  case, 
operator  profit  and  average  trip  cime  (a  user  impact).  All  other  things 
being  equal  (they  are  not),  the  point  most  to  the  upper  left  would  be 
most  desirable.  Evaluation  and  choice  deal  with  such  tradeoffs  among 
impacts;  whereas  for  search,  tradeoffs  among  options  are  needed. 

In  Figure  III-9,  a  third  option,  in  addition  to  fare  and  frequency, 
is  added  -  level  of  investment  in  the  network.  There  are  now  27  data 
points:  3  different  levels  of  network,  and  9  combinations  of  fare  and 
frequency  for  each.  From  this  sample,  we  can  now  infer  the  locus  of  the 
most  desirable  alternatives,  as  indicated  by  the  dotted  line  (again, 
everything  else  assumed  equal!). 

These  examples  illustrate  how  a  number  of  "runs"  of  the  computer 
models  can  be  used  to  generate  information.  In  this  way,  tradeoffs  among 
options  and  among  impacts  can  be  systematically  analyzed.  As  these 
tradeoffs  are  being  developed  in  the  analysis  process,  the  information 
which  is  obtained  can  also  be  useful  for  search  and  choice.  As  systematic 
relations  among  the  options  are  perceived,  search  procedures  can  concentrate 
on  generating  alternatives  in  the  most  interesting  areas  or  the  space  of 
possible  options.  As  achievable  tradeoffs  among  impacts  are  identified. 
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TRIPS  -  PHILADELPHIA 


TRIPS -TOTAL 


FREQUENCY 
OPERATOR  PROFIT 


FREQUENCY 
NET  BENEFITS 


AVERAGE  TRIP  TIME 

Figure  1 I 1—8  r  tradeoffs  impacts 
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ffl-ffl- DOMINATING  ALTERNATIVES 


Figure  1 1 1 - 9  :  Dominating  tradeoffs 
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the  key  Issues  of  choice  become  clearer.  It  may  be  relatively  easy 
to  find  options  which  produce  desirable  impacts  for  each  of  one  group 
of  actors;  but  there  may  be  unavoidable  conflict  in  the  impacts  which 
are  achievable  between  two  other  groups  of  actors  -  for  example,  de¬ 
creased  travel  time  for  suburban  residents  can  only  be  achieved  by 
displacing  families  from  central  city  homes  by  freeway  construction. 
It  is  precisely  these  differential  impacts  which  must  be  traced  out. 


7.0  _  Summary  -  Prototype  Analysis 

7 . 1  Cone lusions 

The  prototype  analysis  system  has  been  designed  to  demonstrate 
the  applicability  of  the  concepts  and  techniques  developed  in  the  Search 
and  Choice  research  project  for  the  analysis  of  transportation  systems. 

The  system  has  been  used  to  analyze  a  simplified  aggregation  of  the 
Northeast  corridor  passenger  transportation  system.  Experience  with  the 
system  and  with  analyses  performed  using  the  system  have  led  to  the 
conclusions  presented  in  this  section. 

1.  The  Equilibrium  Approach:  The  experiments  demonstrate  the 
feasibility  of  the  equilibirum  approach  to  transportation  systems  analysis, 
and  the  differences  between  the  equilibrium  and  non-equilibrium  approaches. 
Non-equilibrium  approaches  tend  to  produce  inconsistent  transportation 
flow  pattern  predictions  and  often  cause  critical  impacts  to  be  pre¬ 
dicted  erroneously. 

2.  The  Prototypical  Nature  of  the  System:  The  emphasis  in  the 
prototype  analysis  system  design  has  been  on  the  general  structure  and  on 
the  relationships  between  the  models  in  the  system.  Relatively  little 
emphasis  has  been  given  to  the  models  themselves.  Although  the  emphasis 
on  system  design  is  sufficient  to  demonstrate  the  concepts  developed  in 
the  project,  it  is  not  sufficient  to  provide  a  production-oriented, 
calibrated  model  system.  Experience  with  the  system  has  indicated  the 
need  for  a  number  of  model  improvements: 

a.  Supply  and  Resource  Requirement  Models:  In  the  prototype 
analysis,  these  models  are  essentially  the  manual  collection  and  processing 
of  such  aggregate  data  as  total  operator's  revenues  by  mode  and  average 
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costs  per  passenger  mile,  and  the  conversion  of  these  data  to  supply 
functions  and  cost  parameters.  More  detailed  procedures,  such  as  the 
automatic  aggregation  of  modal  data  by  links  and  the  simulation  of 
vehicle  operations  would  increase  the  accuracy  of  the  supply  and  resource 
models  and  also  make  the  entire  prototype  system  easier  to  use.  Detailed 
technology  models  which  can  be  used  to  develop  supply  and  resources 
functions  must  be  developed. 

b.  Demand  Models:  Th ;  runs  indicated  that  the  Baumol-Quandt  trip 
demand  model  exhibits  counter-intuitive  results  for  various  sets  of 
alternative  policy  options.  In  sddition,  calibration  appears  to  be 
network-specific.  For  these  reasons,  it  would  be  preferable  to  have  as 
part  of  the  system  both  a  "library"  of  demand  models,  each  useful  for 
specific  types  of  analyses;  and  model-calibration  aids,  such  as  multiple 
regression  and  iterative  parameter-fitting  programs. 

c.  Demand  Shift  Model:  The  population  and  income  prediction  model, 
more  than  any  other  within  the  prototype  system,  is  tentative  and  simplistic. 
A  more  accurate  model,  responsive  to  many  more  transportation  and  activity 
system  descriptors,  is  needed  to  provide  accuracy  for  the  analysis  of  the 
time-stream  effects  of  transportation  policies. 

d.  Representation  of  Policy  Decisions-  The  prototype  analysis 
system  allows  the  policy  maker  to  determine  the  effects  of  changes  in 
fares  and  service  frequencies  specified  bv  mode  and  by  district  pair, 
changes  in  subsidy  and  tax  rates  by  mode,  and  changes  in  network  geometry 
and  link  characteristics  bv  mode.  In  addition,  new  modes  can  be  added 
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into  an  analysis  and  previously  tested  modes  removed.  This  range  of 
policy  options  has  proven  to  be  adequate  for  the  representation  of 
many  regional  transportation  alternatives.  Desireable  additions  would 
be  the  optional  specification  of  service  frequencies  by  link  as  well  as 
by  mode,  to  specify  a  broader  range  of  subsidy  and  taxing  policies, 
such  as  an  operating,  rather  than  a  fixed  sum,  subsidy;  and  property 
taxes  as  well  as  taxes  on  fares,  as  sources  of  government  revenue. 

e.  Iinpac ts :  Many  transportation  system  impacts  can  be  predicted 
using  the  prototype  analysis  system.  First-order  effects  of  the  trans¬ 
portation  system  on  its  users,  on  the  transportation  operators,  and  on 
government  revenues  are  indicated  in  a  large  number  of  ways.  Second-order 
impacts,  such  as  changes  in  non- transportation  business  income;  and  hard- 
to-quar.tifv  impacts  such  as  noise  levels  and  air  pollution,  are  not  pre¬ 
dicted,  in  the  present  set  of  models.  Capabilities  should  be  developed 
for  predicting  these  impacts,  too. 

f.  Systematic  Analysis  of  Options  and  Impacts:  The  experiments 
have  illustrated  how  the  tradeoffs  which  exist  among  various  policy 
options  can  be  explored.  The  systematic  analysis  of  options  to  explicitly 
trace  out  differential  impacts  was  demonstrated.  However,  several  issues 
were  also  raised  by  this  analysis; 

a)  systematic  anaivsis  generates  -  and  requires  -  a  large 

volume  of  information  from  a  number  of  computer  runs.  How 


can  the  analyst  deal  with,  and  understand,  this  model-generated 
information?  Particularly,  to  be  able  to  infer  such  relation¬ 
ships  as  illustrated  in  the  figures? 
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b)  if  differential  impacts  among  a  variety  of  groups  are 
to  be  considered  explicitly,  how  can  evaluation  and 
choice  be  reasonably  done,  without  aggregating  all  the 
impacts  indiscriminately? 

c)  what  kinds  of  procedures  can  be  developed  to  assist 
in  search? 

d)  each  "run"  of  the  computer  models  cost  time,  money,  and 
other  resources;  must  all  search  and  selection  cycles  be 
at  the  same  level  of  detail?  If  not,  what  errors  are 
introduced? 

These  issues  are  significant,  and  will  be  explored  in  the  following 
chapters . 

3.  Other  Experiments: 

Time-staging:  One  of  the  more  difficult  problems  shown  in 
the  results  of  the  experiments  is  the  basic  size  of  the  problem,  the 
dimensionality  involved  in  considering  the  variety  of  options  (vehicles, 
networks,  fares,  and  frequency)  open  to  the  planner.  The  problem  is  by 
no  means  improved  when  the  dimension  of  time  is  included. 

The  result  of  including  time  is  a  multi-dimensiona.l  inter¬ 
dependent  investment  decision  tree.  To  investigate  many  alternatives, 
over  multiple  time  periods,  with  prediction  models  such  as  those  provided 
in  the  prototype  analysis  system  has  proven  to  be  a  very  time-consuming 
and  extremely  inefficient  way  to  search  for  alternative  investments  in 
networks.  Research  is  needed  to  develop  good  staging  strategies  by 
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approximating  procedures,  such  as  mathematical  programming  techniques. 
Additional  techniques  are  required  for  handling  the  problem  of  un¬ 
certainty  and  the  resulting  multidimensional  decision  tree. 

Sensitivity  Analyses:  Mathematical  investigations  of  the 
prototype  analysis  system  and  system  runs  have  been  used  to  determine 
the  relative  importance  of  the  various  model  parameters  and  policy 
options.  The  results  indicate  those  policy  options  and  parameters  which 
are  most  critical  in  the  prediction  of  flows  and  impacts.  Travel  costs 
appear  to  be  the  most  critical;  travel  time  only  slightly  less  critical. 
Service  frequency  has  relatively  less  effect.  With  respect  to  the 
demand  model  parameters,  the  income  parameter  has  the  greatest  effect, 
and  the  time,  cost,  and  frequency  ratio  parameters  have  relatively  minor 
effects . 

7.2  Recommendations 

It  is  recommended  that  the  prototype  analysis  system  be  tbe 
subject  of  three  general  types  of  research: 

1)  Extension  of  the  present  system  to  improve  its  accuracy, 
the  range  of  its  applicability,  and  its  ease  of  use. 

2)  Use  of  the  present  or  extended  system  to  study  specific 
transportation  analysis  issues  such  as  time-staging  and 
sensitivity  analyses  of  transportation  networks. 

3)  Design  of  the  next  generation  of  transportation  analysis 
systems,  possibly  encompassing  such  present-day  packages 
as  TRANSET,  the  urban  transportation  models,  the  full  set 
of  Northeast  Corridor  models,  and  the  Harvard  developing 

,  non* r i f**!  model  ';. 
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The  following  task  areas  can  be  identified  as  specific  steps  on 
which  work  can  begin  immediately  in  these  three  types  of  research: 

1)  Extend  the  prototype  analysis  system  by  improving  its 
demand  models.  The  SARC  trip  demand  model  would  be  a 
valuable  addition  to  the  demand  model  library. 

2)  Develor  more  adequate  transportation  technology  models  to 
be  used  for  predicting  level  of  service  and  resource  re¬ 
quirements  . 

3)  Develop  improved  network  equilibrium  models;  exploring 
alternative  formulations  for  computing  equilibrium.  Ex¬ 
tend  present  equilibrium  models  to  incorporate  supply- 
demand  equilibrium  over  multiple  time  periods. 

4)  Design  a  single  basic  reference  data  base,  from  which 
working  data  bases  would  be  extracted  for  input  to  TRANSET 
and  to  various  optimization  formulations.  This  reference 
data  base  should  provide  for  the  flexible  description  of 
links,  modes,  vehicles,  etc.  For  example,  the  capability 
should  exist  to  classify  links  by  mode,  by  region,  by 
capital  and  operating  costs. 

5)  Develop  an  initial  set  of  useful  optimization  formulations. 
Work  out  the  interface  between  TRANSET  and  OPTECH  (the 
linear  programming  subsystem  of  ICES)  to  implement  these 
formulations  to  try  to  identify  appropriate  uses  of  mathe¬ 
matical  optimization  in  a  network  context.  In  particular. 
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attempt  to  develop  mathematical  programming  formulations 
which  behave  similar  to  traffic  assignment  predictive 
formulations . 

6)  Implement  ’’goal-fabric"  concepts  in  conjunction  with 
TRANSET.  Experiment  with  goal  fabric  analysis,  in 
coordination  with  benefit-cost  and  other  traditional 
choice  techniques  to  evaluate  the  feasibility  and  utility 
of  goal  fabric  procedures. 

7)  Develop  a  capability  for  understanding  the  results  of 

a  number  of  runs  of  the  model  system,  such  as  the  volumes 
of  data  generated  by  systematic  analyses. 

8)  Continue  experiments  with  real  and  hypothetical  networks 
to  try  to  identify  how  specific  types  of  changes  in  the 
networks  will  impact  on  particular  goal  variables  and 
consequences . 

9)  Formulate  within  TRANSET  and  test  a  variety  of  heuristic 
procedures  as  alternate  search  techniques. 

10)  Continue  experiments  in  developing  procedures  for  finding 
desireable  time  stagings  of  investments  in  transport 
facilities . 

11)  Continue  to  use  the  system  to  study  the  sensitivity 
analysis  of  transportation  problems. 

12)  Continue  development  of  remote  processing  interactive  and 
batch  computer  environments  for  doing  transportation  search. 
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13)  Continue  development  of  graphic  display  techniques  for 
visualizing  the  structure  of  the  transportation  problem, 
including  development  of  alternative  representations,  as 
well  as  for  actually  producing  graphic  displays  on  scope 
and  plotter. 

14)  Develop  differential  impact  analysis  techniques,  for 
explicitly  tracing  out  the  potential  impacts  of  trans¬ 
portation  alternatives  on  different  groups. 

7 . 3  Summary 

In  summary,  then,  the  prototype  analysis  has  demonstrated: 

a.  the  feasibility  of  a  network  equilibrium  analysis,  and 

b.  the  differences  between  equilibrium  and  non-equilibrium 
formulations 

c.  the  feasibility  of  tracing  out  substitutability  among 
options 

d.  the  feasibility  of  tracing  out  differential  impacts 

e.  the  effects  of  time-staging 

f.  the  feasibility  of  sensitivity  analyses. 

The  pro.otype  analysis  has  also  raised  several  issues.  The 
most  important  issue  is  how  to  organize  in  a  comprehensible  way  the  volume 
of  information  generated  in  doing  a  systematic  analysis. 


Chapter  IV 


THE  PROBLEM-SOLVING  PROCESS  IN  TRANSPORTATION 


SYSTEMS  ANALYSIS 
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1.0  Introduction 

In  Chapter  11,  we  sketched  out  the  scope  of  the  transportation 
systems  analysis  problem.  This  of  course  was  a  relatively  comprehensive 
view  of  the  problem;  the  crucial  question  was  whether  this  approach 
can  he  made  operational.  In  the  chapter  on  Prototype  Analysis,  we 
demonstrated  how  this  approach  could  be  made  operational  in  the  context 
of  analyzing  passenger  transportation  in  the  Northeast  Corridor  of 
the  United  States.  While  the  set  of  models  and  data  was  not  highly 
refined,  it  was  sufficient  to  illustrate  some  of  the  major  issues  in 
a  systematic  exploration  of  alternative?  transport  systems  policies 
in  this  region.  As  well  as  pointing  out  its  feasibility,  the  Proto¬ 
type  Analysis  also  raised  a  number  of  issues  about  the  difficulties 
in  doing  such  a  systematic  analysis.  In  Chapter  V,  Search,  we  will 
explore  in  depth  one  of  these  issues:  the  problem  of  generating 
reasonably  feasible  alternative  systems  which  are  sufficient]  proniRirv. 
to  be  worth  testing  in  the  complex  set  of  supply-demand  equilibrium 
prediction  models. 

Underlying  all  this  discussion  has  been  two  themes:  the  scope  of 
the  substantive  problem  of  transpor tat  ion  systems  analvsts:  and  a  concern 
with  how  this  substantive  problem  should  be  analyzed.  It  is  very  clear 
that  it  is  not  sufficient  to  have  a  set  of  Computer  models  for  pre¬ 
dicting  impacts  of  a  given  alternative:  there  are  a  variety  of  issues 
involved  just  in  the  problem  of  generating  good  alternatives  to  test. 

If  we  step  back  and  look  at  the  role  of  transportation  systems  analysis 
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in  the  context  of  the  political  process  within  which  transportation 
planning  inevitably  takes  place,  then  we  see  that  there  is  an  even  greater 
order  of  magnitude  and  c  implexity  involved.  Thus,  in  order  to  understand 
how  to  conduct  systematic  analyses  of  transportation  policy,  we  must 
turn  from  the  problem  of  transportation  to  focus  on  the  process  of 
analysis . 

This  chapter  discusses  the  analysis  process  in  transportation.  In 
the  next  section,  some  of  the  major  issues  are  pointed  out.  Then,  a 
conceptual  model  is  outlined,  stimulated  by  review  of  the  characteristics 
of  transportation  systems  analysis  in  the  context  of  a  political  world. 
This  conceptual  model  is  illustrated  by  application  to  the  prototype 
analysis,  and  serves  as  a  basis  for  discussion  of  several  specific 
operational  techniques:  DODO;  goal  fabric  analysis;  and  network 
aggregation.  These  are  described  in  succeeding  sections. 
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2_. 0  The  Rational  Model  and  Its  Limitations 

The  essence  of  the  rational  model  of  decision-making  is  expressed 
in  tiie  very  common  prescription  of  "systems  analysis:"^ 

1.  define  objectives  and  formulate  as  utility  function; 

2.  enumerate  all  the  possible  alternative  actions; 

3.  identify  the  consequences  of  each  action; 

4.  evaluate  the  consequences  in  terms  of  the  objectives  via 

the  utility  function; 

5.  choose  that  action  which  Dest  achieves  the  objectives. 

2 

This  "synoptic"  model  is  very  limited  in  its  application  to  complex 
public:  policy  questions,  such  as  transportation,  for  many  reasons: 

a.  we  can  never  know  completely  all  the  alternatives: 

b.  we  can  never  define  all  the  relevant  objectives,  consistently 

and  completely.  First,  there  are  too  many  points  of  view  - 
"actors"  -  to  get  agreement  on  objectives  (though  as  Lindblom 
points  out,  we  may  get  agreement  on  actions  without  agreement 


^See  for  example,  Schoeffler,  Sidney,  "Toward  a  general  theory  of  rational 
action,"  KYKLOS,  VII :3  (1554),  pp .  245-271;  Hall,  Arthur  D.,  A  METHODOLOGY 
FOR  SYSTEMS  ENGINEERING,  Princeton,  N.J.:  D.  Van  Nostrand  Co.,  Inc.  (’  •c2); 
Hitch,  Charles  J.,  and  Roland  N.  McKean.  THE  ECONOMICS  OF  DEFENSE  IN  TH!. 
NUCLEAR  AGE,  New  York:  Atheneum  (1965);  Baumol,  William  J.,  ECONOMIC 
THEORY  AND  OPERATIONS  ANALYSIS,  Second  Edition,  Englewood  Cliffs:  Prentice- 
Hail  (1965);  Ackoff,  Russell  L. .  SCIENTIFIC  METHOD,  New  York:  John  Wiley 
and  Sons  (1962). 


“iiravbrooke,  David,  and  Charles  E.  Lindblom,  A  STRATEGY  OF  DECISION,  New 
York:  The  Free  Press  of  Glencoe  (1963);  Lindblom, Charles  E. ,  THE 
INTELLIGENCE  OF  DEMOCRACY,  New  York:  The  Free  Press  (1965);  -1  though  drawing 
heavily  on  their  insights,  I  have , modif ied  them  substantially.  See  also 
Steger,  Wilbur  A.,  and  T.  II.  Lakshmanan,  "Plan  evaluation  methodologi es : 
some  aspects  of  decision  requirements  and  analytical  response,"  in  Homon-, 
George  (ed . ) ,  URBAN  DEVELOPMENT  MODELS,  Special  Report  97,  Washington  D.  C.  : 
Highway  Research  Board  (1968). 
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on  objectives).  Second,  objectives  are  difficult  to  formulate 
in  the  abstract,  and  will  be  substantially  revised  and  clarified 
through  examination  of  the  consequences  of  specific  alternatives. 

c.  We  can  never  completely  identify  the  relative  values  of  all 

possible  combinations  of  the  various  objectives  -  that  is,  we 

can  never  get  a  fully-defined  utility  function.  Therefore 

evaluation  of  the  consequences  of  an  action  Is  not  so  simple. 

Most  naturally,  we  prefer  to  examine  alternatives  explicitly, 

2 

and  to  evaluate  the  incremental  differences  between  them. 

d.  There  will  always  be  uncertainty,  in  the  prediction  of  con¬ 
sequences.  Many  relevant  consequences  will  be  left  out;  be¬ 
cause  of  the  open  nature  of  the  socio-economic  system  (i.e., 
not  a  closed  system),  consequences  of  actions  such  as  trans¬ 
portation  will  "spill  over"  into  other  areas  (e.g.,  functional 
and  governmental  impacts).  Further,  we  can  expect  to  find 

that  actions  which  we  have  implemented  do  lead  to  "unanticipated" 
i 

consequences . 

e.  The  costliness  of  analysis  is  a  severe  constraint.  Generation 
of  alternative  actions,  formulation  of  objectives,  anticipation 
of  the  consequences  of  actions  (prediction),  and  determination 
of  the  most  desired  action  (evaluation  and  choice)  all  take 
resources.  The  resources  of  analysis  are  dollars,  time,  man¬ 
power,  computing  capability  (computer  time),  etc.  Analysis 

^Lindblom,  0£.  cit . ,  pp.  UO,  142 
2 1  bid . 

3X»verscn.  Martin,  and  Edward  C.  Banfield,  POLITICS,  PLACING  AND  THE  PU1JUC 
INTEREST,  Glencoe.  Illinois*:  The  free  Tress;  (!9SS>  p.  319 
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of  policy  alternatives  generally  suffers  under  very 
severe  constraints  on  these  resources,  and  so  analysis  is 
inevitably  incomplete. 

f.  Analysis  is  dynamic.  Problems  are  never  solved  completely; 

massive  changes  in  the  system,  such  as  transportation,  generally 
take  time  for  implementation.  Within  the  analysis  or  problem¬ 
solving  process  itself,  the  conceptions  of  the  problem  held 
by  analysts  and  decision-makers  will  evolve.  Initial 
statements  of  objectives  will  be  revised  as  successive  alter¬ 
native  actions  are  generated  and  examined.  Examination  of 
previous  alternatives  will  suggest  new  ones  for  analysis. 

Perhaps  the  best  way  of  sumiiarizing  the  limitations  of  the  rational 
model  is  that, 

in  the  face  of  man's  limited  capacities,  it  offers  simply 

a  prescription:  "Be  comprehensive!"^ 

The  comprehensive  ..deal  fails  to  accept  the  realities  of  policy  analysis: 
the  costs  of  analysis,  and  the  inability  for  cost  and  cognitive  reasons 
of  ever  being  comprehensive. 

Thi^  does  not  mean,  as  some  would  argue,  that  systematic  analysis 
must  be  disvareded  altogether;  rather,  that  the  simple  five-step  model 
of  the  analysis  process  must  be  replaced  by  a  more  subtle  structure. 


t.indbl  os  o  j* .  c  i  t  . ; 
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3  .0 _  PSP : _ A  dynamic  nodel  o f  dec  is  Ion-making 

As  a  partial  answer  to  the  limitations  of  the  rational  model  des¬ 
cribed  above,  a  more  complete  model  of  decision-making  is  necessary. 
Such  a  model  has  been  formulated,  the  PSP  model  (for  *Problem- Solving 
Process").*  pnly  a  few  of  its  major  characteristics  will  be  summarized 
here. 


3.1  The  Basic  Model 

The  first  important  characteristic  of  the  PCP  model  is  the 
role  of  time.  The  analysis  process  itself  takes  place  over  real  time  - 
to  develop,  evaluate,  and  choose  among  alternatives  takes  time.  Further, 
the  analysis  process  is  itself  imbedded  in  the  larger  evolutionary  process 
of  the  real  world  system  of  Interest  -  the  actions  selected  by  analysis  are 
implemented,  their  results  observed,  and  new  analyses  lead  to  new,  revised 
actions. 

The  second  important  characteristic  of  the  PSP  model  is  the  dis¬ 
tinction  between  generating  and  choosing  among  actions.  We  emphasize 
this  distinction  by  defining  Search  and  Selection  as  the  procedures  which 
perform  theie  functions.  Search  designates  any  procedure  used  to  produce 
one  or  more  « l ;.er native  actions.  Search  may  be  intuitive,  as  in  the  sense 
of  "design,"  or  may  be  formalized,  as  in  a  linear  programming  model- 
Selection  designates  the  process  of  choosing  among  several  alternative 

1Ma;iheim,  Marvin  L. ,  PROBLEM-SOLVING  PROCESSES  IN  PUNNING  AND  DESIGN, 
Professional  Paper  P67-3,  Cambridge,  Mass:  Department  of  Civil  Engineering, 
M.I.r.  w*67).  Volume  XVI  of  a  Seriesi  abridge*  voraien  in  DESIGN  QUARTERLY 
Minneapolis;  Walker  Art  Center,  and  in  Srampen  and  P.  Seitt  (eds.) 
DESIGN  AND  PLANNING  2.  New  York:  Hastings  House.  (1967).  See  also  Manhcir.:, 
Marvin  i...  Kenneth  c.  II ansbee ,  and  Ronald  Walter.  MODELLING  THE  EVOLUTIONARY 
Nailer  *'!  PROBLEM  SOi.YIN*-,  Research  Report  R68-*l»  Volume  IV  of  a  Secies, 
Cambridge.  Mass:  Department  -*f  Civil  Kn  neering,  M.I.T.  (1966) 
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acMons.  T  .e  input  to  Selection  is  a  set  of  alternative  actions.  The 
output  of  Selection  is  a  "preference  ordering",  or  ranking  of  the 
actions  by  desirability. 

To  actually  accomplish  Selection,  th^ee  basically  different  kinds 
of  procedures  are  required.  Prediction  models  are  used  to  anticipate 
the  consequences  which  an  action  would  have  if  implemented  in  the  real 
world  -  for  example,  to  predict  volume  of  travel  on  a  particular  trans¬ 
portation  link.  Evaluation  procedures  operate  upon  the  predicted  con¬ 
sequences  to  yield  statements  of  the  valuations,  or  .elative  desirabilities 
of  those  consequences  -  for  a  particular  actions  -  for  example,  the 
values  of  user  costs  and  benefits  associated  with  a  particular  flow 
volume  on  a  link;  or  the  relative  deslrabil of  a  particular  regional 
growth  pattern.  Since  all  predicted  consequences  cannot  be  represented 
adequately  by  a  single  measure  of  value,  or  valuation,  we  do  not  assume 
that  evaluation  summarizes  all  the  valuations  into  such  a  single  measure. 
For  example,  we  do  not  assume  that  construction  dollars,  loss  of  recreation 
land  and  regional  development  patterns  can  all  be  lumped  into  a  single 
measure  of  value,  such  as  dollars  or  some  overall  utility  measure.  There¬ 
fore,  after  evaluation  there  must  be  choice.  In  Choice,  two  or  more 
actions  are  compared  on  the  basis  of  the  set  of  valuations  for  each  - 
dollar  costs,  recreation  land  acreages,  quality  of  regional  pattern,  etc. 

-  and  a  decision  made  about  the  rankings  of  the  actions.  Choice  is  dif¬ 
ficult,  but  necessary.* 

*  At  this  point,  we  will  not  distinguish  between  choice  executed  by  the 
analytical  staff,  and  choice  executed  by  a  small  group  of  decision-makers 
or  the  larger  political  process. 
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The  third  Important  characteristic  is  a  distinction  between  the 
state  of  the  analysis  process  at  any  particular  time,  and  the  procedures 
which  may  be  used  to  change  that  state.  The  state  of  the  process  ex¬ 
presses  the  analyst's  current  view  of  the  problem.  The  problem-solving 
system  contains  a  variety  of  procedures,  to  be  used  in  the  problem¬ 
solving  process  when  and  as  appropriate.  Each  time  a  procedure  is  used, 
it  changes  the  state  of  the  process  in  a  way  appropriate  to  the  procedure: 
the  use  of  a  procedure  changes  the  analyst's  view  of  the  problem. 

From  the  point  of  view  of  our  present  discussion,  the  major  variables 
describing  the  state  of  the  process  are  the  actions ,  A,  the  goals,  G,  and 
the  current  ranking  of  the  actions ^R.  The  major  procedures  for  changing 
that  state  are  search,  selection,  and  goal  formulation  and  revision.* 

All  these  procedures  involve  some  reference  to  the  current  set  of  goals,  G. 

The  baste  view  of  the  problem-solving  process  which  this  implies 
is  shown  in  Figure  IV-1,  Basic  Cycle.  Alternative  actions  are  generated, 
and  then  a  preference  ordering  is  established  over  those  alternatives.  If 
the  most  desirable  alternative  is  sufficiently  attractive,  then  the  problem- 
solving  process  ceases  and  that  most  desirable  action  is  implemented  in 
the  real  world;  if  not,  then  search  is  repeated  and  new  actions  are  generated. 
These  new  actions  may  or  may  not  be  related  to  the  previous  actions.  The 
sequence  is  repeated  again  and  again,  until  finally  there  is  one  action 
sufficiently  attractive  for  implementation  in  the  real  world. 

This  image  of  a  "tr ial-and-error"  process  ,  basic  to  the  PSP 
concept,  is  completely  contrary  to  the  image  of  a  problem  for  which  the 

'Additional  state  variables  include:  consequences;  valuations;  raw 
Information;  probability  distributions  over  uncertain  variables.  Addition- 
:  1  procedures  include  information  analysis;  model  construction  and  revision, 
decomposition  and  restructuring  procedures;  and  metaprocedures,  Manheim 
PROBl.EM-SOLVINC  PROCESSES  IN  PLANNING  &  DESIGN,  op.  r  it  . 
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optimal  solution  is  obtained  directly  by  "solving1'  a  mathematical 
(or  other)  model.  Such  "optimizing"  methods  do  have  an  important  role 
in  the  broader  PSP,  but  such  real  problems  as  transport  systems  planning 
are  too  complex  for  such  techniques  to  carry  the  whole  burden.  A  particular 
optimizing  method  corresponds  to  one  search-and~selection  sequence;  but 
many  kinds  of  search  and  selection  procedures  are  required  in  addressing 
the  total  problem. 

3.2  Evolution  of  actions  and  goals 

The  focus  of  a  PSP  is  on  actions.  Because  Search  and  Selection 
procedures  concern  the  basic  processes  of  generation  and  selection  of 
actions,  these  procedures  are  at  the  heart  of  the  PSP.  However,  there 
are  a  variety  of  other  activities  which  must  occur  in  a  PSP,  to  allow 
Search  and  Selection  to  operate,  and  to  revise  the  context  in  which  they 
operate.*  Particularly  important  are  goal  formulation  and  revision 
procedures . 

The  purpose  of  these  procedures  is  to  formulate  and  revise  the 
statement  of  goals  G,  as  new  actions  are  generated  and  their  consequences 
are  examined.  That  is,  each  cycle  of  search  and  selection  potentially 
may  trigger  goal  revision.  For  example: 

1.  An  initial  statement  of  goals  is  formulated. 

2.  The  search  procedures  are  executed,  one  or  several  times, 
producing  one  or  more  alternative  actions. 

3.  The  selection  procedures  are  executed,  identifying  and  evaluating 
the  consequences  of  the  actions,  and  their  performance  with 
respect  to  the  goals.  The  result  is  a  ranking  of  the  alter- 

nat  tves . 

1  So*?  Preceding  footnote 
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In  the  basic  cycle,  steps  (2)  and  (3)  may  be  repeated  a 
number  of  times,  until  an  action  sufficiently  desirable 
for  implementation  has  been  found,  or  analysis  resources 
have  been  exhausted. 

5.  The  mutability  of  goals  must  be  recognized,  however,  and  so 
step  (3)  or  even  step  (2)  may  be  followed  by  goal  revision. 
Goal  revision  may  follow  search  immediately  particularly  when  the  results 
of  search  are  either  very  disappointing  -  it  proves  very  difficult  to 
generate  actions  which  achieve  the  goals  -  or  very  successful  -  the 
goals  are  set  so  low  it  is  not  at  all  difficult  to  achieve  them. 

By  this  simple  model,  the  analysis  process  is  typified  by  continued 
and  parallel  evolution  of  the  set  of  actions  A,  and  the  set  of  goals,  G. 

The  ranking  of  the  alternative  actions  will  change,  not  only  by  addition 
of  new  actions  to  the  set,  but  also  by  revision  of  t*e  goals  G. 

Search  and  choice  interact  heavily  i*  the  socio-political  arena. 

To  account  for  this  interaction,  a  more  subtle  model  of  the  analysis 
process  than  the  static,  "rational,"  model  is  required.  The  evolution 
of  goals  as  well  as  actions  is  an  important  facet  of  the  more  complete 
model . 

3^^3  Implications  of  the  Interactions  of  Search  and  Choice 

In  this  brief  exposition,  we  have  touched  only  quickly  upon 
the  characteristics  of  a  more  general  model  of  the  problem-solving  process. 
Let  us  now  explore  some  of  its  implications.  Once  we  shift  from  a  static 
conception  of  the  analysis  process  to  an  evolutionary  one  in  which  actions 
and  goals  change  over  time,  our  perception  of  the  interaction  of  search 
and  choice  changes  in  fundamental  wavs. 
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For  one  thing,  we  need  no  longer  search  desperately  for  a  utility, 
or  social  welfare,  function.  Such  functions  are  used  to  reduce  a  multi¬ 
dimensional  set  of  goals  to  a  single  dimension  (for  example,  benefit-cost 
ratio).  In  an  evolutionary  process,  we  can  accept  a  less  well-structured 
set  of  goals,  because  all  that  we  require  at  any  time  is  sufficient  inform¬ 
ation  about  goals  to  reach  a  choice  over  alternatives,  not  a  function  over 
all  conceivable  combinations.  (In  fact,  we  may  not  need  to  have  a  com¬ 
pletely  consistent  goal  structure  to  produce  agreement  over  alternatives; 
as  Lindblom  points  out,  actors  may  reach  agreement  on  actions  even  though 
they  are  striving  for  different  objectives.)  Thus,  a  much  looser,  more 
flexible  structure  of  goals  is  appropriate  and  useful.  The  concept  of  a 
"goal  fabric"  has  been  proposed  to  serve  this  purpose,  and  is  described 
in  section  6.0. 

A  second  important  implication  is  that  alternatives  need  not  be 
single  massive  system  proposals,  but  can  and  should  be  formulated  as  staged 
strategies  over  time.  The  typical  urban  transportation  study  chooses 
among  a  small  number  of  alternative  transportation  system  plans  for  a 
target  year  (1985,  say).  Instead,  there  should  be  a  much  richer  number 
of  smaller  actions,  each  one  being  the  building  of  a  specific  part  of  the 
network  in  a  particular  year  (or  other  options,  such  as  buying  additional 
transit  cars).  Then  the  major  alternative  1985  plans  could  be  composites 
of  a  number  of  the  specific  time-staged  facility  actions.  However,  the 
whole  approach  to  analysis  would  be  different.  Instead  of  choosing  among 
single  packages,  the  emphasis  would  be  upon  choosing  among  sequences  of 
actions  staged  over  time.  In  this  wav,  there  would  be  a  great  deal  of 
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flexibility  for  revision  of  both  actions  and  goals  as  each  stage  of 

the  system  selected  is  implemented.  Furthermore,  the  decision  about 

appropriate  facilities  to  construct  at  each  successive  time  period  could 

be  revised  as  changes  in  the  real  world  are  observed,  or  changes  in  the 

goals  or  the  available  actions  as  new  technologies  are  developed.  Models 

for  searching  out  and  choosing  among  sequential  decisions  in  transportation 

1 

planning  are  under  development. 

A  third  implication  is  more  emphasis  on  the  value  of  information. 

That  is,  instead  of  collecting  all  the  information  necessary  for  construct¬ 
ing  demand  models  and  the  other  analvsis  models  in  one  single  survev,  there 
can  be  a  much  more  efficient  use  of  resources  through  continuous  sampling 
over  time,  with  a  flexible  readjustment  of  data  acouisition  as  new  issues 
are  identified  for  studv.  This  is  an  important  consequence  of  the  time- 
staged  strategy  approach.  Further,  this  implies  that  there  should  be  an 
economic  analysis  of  the  value  of  information  in  its  relevance  to  the 
search  and  choice  issues  at  hand;  as  the  actions  and  goals  change  over 
time,  the  value  of  different  types  of  information  v*ill  also  change.  Models 

for  optimal  information  collection  strategies  in  networks  are  under 
? 

development . 

Finally,  and  perhaps  most  importantly,  the  evolutionary  image  of  the 
analysis  process  leads  to  a  major  new  perspective  on  the  relationship  between 
the  analysis  team  and  the  political  environment. 

1 

See  Chapter  V,  Sect. on  4.6. 

2  lb H. ,  Also,  William  F.  Johnson,  DECISION  THEORETIC  TECHNIQUES  FOR 
iWl'RMAT  I  ON  ACQUISITION  TN  TRANSPORTATION  NETWORK  PLANNING,  ScD.  Thesis, 
Department  of  Civil  Engineering,  M.I.T. 
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The  evolution  of  actions  and  goals  takes  place  at  several  different 
levels.  First  of  all,  consider  the  technical  analysis  team  actually 
doing  transportation  systems  and  related  studies  for  a  particular  area. 
Within  this  team,  the  sets  of  actions  and  goals  will  evolve  fairly 
rapidlv:  the  team  is  engaged  in  dav-to-dav  development  and  testing  of 
alternatives,  and  as  it  learns  more  about  the  problem,  will  be  almost 
continuously  revising  its  assumed  goals. 

At  a  second  level,  this  analysis  team  will  interact  periodically 
with  the  political  decision-makers  or  other  responsible  public  or 
private  officials  for  whom  the  analysis  team  is  acting  as  staff.  As  a 
result  of  these  (more  or  less  frequent)  interactions,  the  actions  and 
particularly  the  goals  will  be  further  refined  and  revised.  At  a  third 
level,  these  decision-makers  will  interact  with  the  body  politic:  the 
variety  of  actors  -  individuals  and  interest  groups  -  who  comprise  the 
full  set  of  interests  impacted  by  transportation  systems  alternatives. 

As  a  result  of  their  interactions  with  the  bodv  politic,  the  decision¬ 
makers  will  revise  their  conceptions  of  actions  and,  more  particularly, 
goals,  and  will  pass  these  revised  contentions  on  to  the  analysis  team. 
But  also,  the  results  of  the  analvsis  team,  as  communicated  through  the 
decision-makers,  to  the  public  at  large,  should  nelp  to  change  and 
broaden  the  perceptions  of  the  decision-makers  and  of  the  bodv  politic. 

The  Interactions  in  search  and  choice  ar.onii  analvsis  team,  decision 
makers,  and  polltv  should  he  exploited  explicit Iv.  Perhaps  the  most 
Important  role  of  a  technical  analysis  effort  is  to  clarify  public 
objectives,  even  more  than  the  development  ami  implementation  of  xoecifi 
actions.  For  example,  one  of  the  major  rontrihut ions  of  the  highvnv 
t  r  u.s;  -rt.it  ion  pto^i.r.-  t.av  have  been  to  create  »  *nth *  j e  awareness  of  the 
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choice  issues  which  need  to  fce  addressed  in  the  core  of  the  metropolitan 
area;  by  threatening  highways  through  the  centers  of  cities,  the 
political  forces  set  in  motion  have  helped  to  raise  serious  discussion 
about  the  competing  objectives  of  groups  in  the  metropolitan  area,  and  have 
stimulated  the  search  for  new  transportation  technologies,  as  well  as  new 
methods  of  highway  planning. 

Throughout  this  report,  we  have  been  suggesting  ways  in  which 
transportation  systems  analysis  interacts  with  the  broader  political 
process.  We  first  broached  this  in  the  discussion  of  the  substantive 
tiansportation  systems  problem,  by  pointing  out  the  variety  of  impacts. 
Then,  in  the  prototype  analysis  we  showed  how  the  options  could  be 
systematically  explored  to  trace  out  the  differential  impacts.  In  this 
chapter,  we  have  discussed  the  limitations  of  the  static  model  of  decision¬ 
making  and  proposed  the  PSP  model  as  a  more  general  formulation. 

Perhaps  the  most  critical  attribute  of  the  PSP  model  is  that,  in 
contrast  with  the  "rational"  model,  the  multiplicity  of  impacts  and  the 
iterative,  exploratorv  nature  of  the  analysis  process  are  emphasized,  not 
assumed  away.  What  is  required  in  transportation  systems  analysis  is  the 
recognition  of  the  interactions  of  analysis  with  the  political  process, 
and  the  development  of  appropriately  sensitive  operatic!*!  techniques ,  not 
perpetuation  of  the  myth  of  the  objectivity  of  analysis. 
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-'*.0  Kxnmp  I e : 


The  Prototype  Analysis 


To  see  the  nppl  tcabil  ity"  of  the  PSP  model  to  transportation  systems 
analysis,  we  shall  review  the  specific  problem-or.  'nted  language  capa¬ 
bilities  of  TRASS KT  IT,  described  in  Section  3.0  of  Chapter  IV,  Prototvpe 
Ana  1  vs  is . 

4 . 1  Search 


\’o  explicit  search  procedure  is  provided  in  TRANS  KT  II  at  this 
tire,  although  several  are  under  development.  The  analvst  must  generate 
a  policy  alternative  —  execute  search  —  through  this  own  judgement. 

Me  may  generate  a  completely  new  action,  or  use  parts  of  one  or  more 
previously-generated  actions  as  stored  in  the  computer  files  (l.e.,  on 
disc).  Tf  he  uses  stored  components  of  alternatives,  he  may  modifv  them 
if  he  wishes. 


One  particularly  powerful  capability  of  TRANS KT  IT  is  the  abilitv  to 
name  data  files.  Thus,  the  analyst  may  store  several  transportation  net¬ 
works  under  such  arbitrary  names  as  ’1956-1'  'RAIL-2'  HVAY,'  etc.  This 
is  particularly  useful  in  search  as  the  analvst  may  build  up  a  new  action 
out  of  components  of  other  actions  very  easily. 

To  generate  a  completely  new  transportation  system  alternative,  or 
new  components  of  an  alternative;  to  save  portions  or  all  of  an  alter¬ 
native  in  computer  storage;  and/or  to  create  a  new  alternative  through 
modification  of  a  previously-stored  component,  he  uses  these  commands: 

a.  Transportation  o-tions 

(i)  R KAO  XKTWORK  -  for  general  network  characteristics 
( i  i )  LINKS  -  for  network  connectivity  and  link 


character i st i cs 
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(lii)  READ  VOLUME  DELAY  SET  -  for  generalized  supply  functions 
(iv)  INPUT  MODAL  SERVICE  DATA  -  for  interzonal  fares  and  fre¬ 
quencies  for  each  mode 

(v)  INPUT  MODAL  COST  DATA  -  for  cost  parameters  for  each 
mode 

b.  Activity  Svstem  Ontions 

(i)  INPUT  DiViKlCT  DATA  -  for  population,  incomes,  and  holding 
capacities,  for  each  zone 

(ii)  INPUT  MODAL  SPLIT  PARAMETERS  -  for  demand  model 
parameters 

In  addition  to  specifying  a  completely  new  alternative,  it  is  also  possible 
to  generate  an  action  by  using  portions  of  another  action  previously  stored 
in  the  computer: 

c.  To  save  an  action  on  secondary  storage  as  a  permanent  file, 
for  future  reference: 

(i)  MODIFY  NETWORK  +  name  of  network  to  be  changed 
ADD  LINK 

DELETE  LINK  soecif ication  of  changes 

CHANGE  LINK 

(ii)  REVISE  MODAL  DATA  +  name  of  data  to  be  changed 
MODE  COST 

specification  of  changes 

MODE  FREQUENCY 

(iii)  REVISE  DISTRICT  DATA  +  name  of  data  to  be  changed 
DISTRICT  specification  of  changes 
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4 . 2  Select  ion  -  Prediction: 

The  piedicr >on  procedures  of  T.RANSET  TI  are  based  upon  the 
supply-demand  equilibrium  concept.  The  commands  to  accomplish  prediction 
of  the  consequences  for  a  specific  alternative  are: 

a.  PREDICT  POTENTIAL  TRIPS  -  generate  estimated  trip  demands 

b.  PREDICT  ACTUAL  TRIPS  -  predict  actual  network  equilibrium 
flows 

c.  PREDICT  DISTRICT  DATA  -  predict  future  population  and  income 
for  each  zone,  based  upon  predicted  network  flows 

4 . 3  Selection  -  Evaluation : 

The  evaluation  components  of  TRANSET  IT  are  relatively  simple. 
For  arv  particular  alternative  action,  its  predicted  consequences  can  be 
displayed  in  a  variety  of  ways  for  intuitive  evaluation  by  the  analvst . 
User,  operator,  and  government  costs  can  be  computed  and  aggregated  in  a 
variety  of  wavs,  through  the  EVALUATE  COSTS  commands.  Accessibilities 
can  also  be  evaluated,  as  measures  of  functional  impacts  (i.e.,  poterfial 
changes  in  the  activity  system).  There  are  no  capabilities  at  this  stage 
for  predlc  g  physical  impacts  explicitly. 

a.  Display  fiow  pattern  consequences: 

REQUEST  FINAL 
LINK  data 
MINIMUM  PATHS 
TRAVEL  TIMES 
SYSTEM  TRAVEL 
DISTRIBUTION 
INTERZONAL  TRIPS 


PRINT  TRIP  M/rR*X 
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b.  EVALUATE  COSTS  -  for  user,  operator,  and  governmental 
Impacts 

c.  EVALUATE  ACCESSIBILITY  -  for  functional  impacts 
4.4  Selection  -  Choice: 

Choice  involves  the  comparison  of  alternatives  to  determine 
a  preference  ordering.  In  TRANSET  II,  no  automatic  choice  capability  is 
provided.  However,  a  very  simple  but  powerful  set  of  commands  provides 
t-he  analyst  information  which  is  extremely  useful  in  his  judgmental  de- 
sion  about  preferences  between  alternatives.  These  commands  do  a  pair¬ 
wise  comparison  of  two  alternatives,  displaying  the  differences  between 
them.  Than  the  analyst  can  examine  the  incremental  differences  between 
the  t  'o  alternatives,  as  well  as  the  absolute  levels  of  the  impacts. 

a.  COMPARE  TRIPS  -  for  summary  of  the  differences  in  flow 
volumes  between  two  alternatives 

b.  COMPARE  SURPLUSES  -  for  differences  in  user  benefits,  as 
provided  by  consumer  surplus  measures 

c.  COMPARE  ACCESSIBILITIES  -  for  differences  in  functional 
impacts. 

The  problem-oriented  language  capability  is  particularly  useful  in  these 
commands,  as:  COMPARE  TRIPS,  ALTERNATIVES  'AIR'  AND  ’RAIL*. 
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5.0  DODO:  A  PSP-oriented  Information  system^ 

The  prototype  analysis  uses  a  simplified  set  of  models,  and  a 
very  simplified  representation  of  the  Northeast  Corridor  transportation 
system.  Yet,  even  with  this  simplicity,  the  analyst  finds  it  difficult 
tc  deal  with  the  large  volume  of  information  produced  in  doing  a  systematic 
analysis  of  the  alternatives.  If  only  twenty  different  actions  have  been 
generated  and  compared,  the  analyst  has  real  difficulty  understanding  the 
difference  and  similarities  among  the  actions: 

1.  which  actions  are  basically  different  in  their  impacts; 
which  are  very  similar. 

2.  what  the  feasible  tradeoffs  in  impacts  are,  and  which  actions 
produce  the  most  desirable  combinations. 

Even  a  single  run  of  the  model  system  results  in  large  masses  of 
data  which  are  difficult  for  the  analyst  to  comprehend.  Given  the  results 
of  analyses  of  a  series  of  complex  transportation  systems  alternatives, 
how  can  the  analyst  understand  the  differences  between  these  alternatives 
in  order  to  establish  o  preference  ordering  among  the..,  and  in  order  to 
identify  fruitful  areas  to  search  for  even  "-ore  promising  alternatives 
than  those  he  has  already  examined? 


What  is  needed  is  a  way  of  storing  all  t’  relevant  information 
generated  in  c  series  of  model  runs,  such  that  questions  meaningful  to  the 
decision  problem  can  be  asked  of  the  data.  Some  of  these  questions  can  ho 
identified  a  priori,  aid  so  built  into  the  svstem;  but  many  significant 
questions  will  occur  to  the  analvst  onlv  as  he  is  examining  the  specific 

*Fol lansbee,  Kenneth  C.,  Marvin  L.  Manheim,  and  Ronald  A.  Walter, 

MODE!. LINT.  THE  EVOLUTIONARY  NATURE  OF  PROBLEM-SOLVING ,  Research  Report 
R68-4J,  Volume  TV  of  n  series,  Cambridge,  Mass:  Dept,  of  Civil  Engineering, 
M.t.T.  (1968).  Eotl.msbec,  Kenneth  0.,  A  PROTOTYPE  INFORMATION  SVSTEM  'Vi,* 
THE  PROBLEM-SOLVIN':  PROCESS  MODEL,  Unpublished  M.S.  Thesis,  Dipt,  of  Civil 
Engineering,  M.l.T.  (1968). 
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data  of  a  series  of  runs.  Therefore,  the  information  system  must  be 
designed  for  interactive  use  with  flexible  query  capabilities. 

The  concept  of  DODO  was  developed  in  response  to  this  need.  DODO 
is  an  information  system  intended  to  provide  the  decision-maker  and 
analyst  with  the  capability  to  analvze  and  structure  the  large  amount  of 
data  that  may  be  generated  in  the  analysis  of  a  complex  problem.  The 
name  DODO  reflects  this  objective:  Decision-Oriented  Data  Organizer.  An 
initial  operational  version  of  DODO  has  been  developed  in  the  context  of 
the  TRAN SET  II  subsystem  of  ICES,  as  developed  and  modified  for  the  proto¬ 
type  analysis.  Later  versions  of  DODO  will  be  more  general,  applicable 
to  many  other  design  problems  as  well  as  transportation. 

5.1  Design  Concepts  of  DODO: 

The  design  of  DODO  is  based  upon  the  module  suggested  by  the 
PSP  model.  This  "basic  decision  module"  (BDM)  consists  of  the  quintuple 
(A/P/C/U/V)  -  action  A,  corsequences  C,  valuations  V;  with  consequences 
conditional  upon  a  (data)  parameter  set  P,  and  valuations  conditional 
on  a  set  of  (partial)  utilities  U. 

In  an  actual  problem,  each  of  these  "files"  may  comprise  large 
volumes  of  data.  For  example,  in  the  "prototype  analvsis",  each  action  A 
corresponds  to  specification  of  the  options  of  tecbnologv  mix,  network, 
fares,  frequency  of  service,  and  costs  and  subsidies.  The  consequences 
C  and  valuations  V  may  also  be  large  files  of  data;  e.g.,  the  file  of  travel 
time  for  system  users  by  trip  purpose  by  zone  pair  by  mode,  for  5  purposes, 

4  modes,  and  50  zones  contains  50,000  items,  which  can  be  aggregated  a  number 


of  wavs. 
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In  outline,  the  basic  capabilities  of  DODO  are: 

a.  It  is  designed  as  a  command-structured  problem-oriented 

1 

language,  a  subsystem  of  ICES.  Thus,  the  commands  are 
easy  for  the  non-technical  analvst  to  use. 

b.  The  basic  files  of  the  system  are  organized  in  terms 

of  the  basic  decision  module  (BDM) ;  i.e.,  the  basic  record 
is  the  n-tuple  (A/P/C/U/V) . 

c.  Each  step  in  the  analysis  process  either  initiates  a  new 
cycle,  through  initiation  of  a  new  RDM,  or  adds  information 
to  a  previously-initiated  BDM.  That  is,  a  "log"  of  the 
analysis  process  is  built  up  in  the  form  of  a  sequence  of 
BDM's.  A  new  BDM  is  initiated  each  time  a  new  action  is 
produced,  a  new  set  of  parameter  values  P  or  utility  values 
U  is  used. 

d.  The  "genealogy"  of  the  actions  generated  is  recorded:  for 
each  action,  inclusion,  component/composite,  and  alternative 
relationships  to  other  actions  are  explicitly  recorded. 

e.  Actions  can  be  grouped  into  arbitrary  subsets  at  will, 
through  a  capability  for  defining  sets  of  BDM's  according 
to  very  general  criteria.  This  "set"  capability  allows  a 
wide  varietv  of  relationships  among  actions  to  be  established . 
In  particular,  actions  can  be  grouped  so  as  to  isolate  and 
dtsplav  tradeoff  relations,  as  demonstrated  in  the  prototype 
analysis. 

Hoi'v; ,  t'p .  tit. 
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f.  By  explicitly  separating  the  parameters  P,  sensitivity 
analysis  is  easy:  simply  designate  a  new  P  and  repeat 

the  prediction  of  consequences.  Similarly,  the  sensitivity 

of  the  preference  ranking  to  the  statement  of  goals  can  be 

explored:  designate  a  new  goal  statement  (represented  in 

DODO-T  by  a  set  of  utilities  U)  and  repeat  the  evaluation 

1 

and  choice  procedures. 

g.  The  system  is  designed  for  browsing  through  the  results  of 
the  analysis  process.  For  example,  the  analyst  may  suddenly 
perceive  a  new  issue  and  wish  to  define  a  new  goal  variable. 

He  can  do  this ,  through  the  DEFINE  GOAL  VARIABLE  command , 

at  which  time  he  also  specifies  how  it  is  to  be  computed. 

The  analyst  may  then  "browse"  the  predicted  impacts  of  actions 
previously  examined  with  this  new  variable;  if  he  decides  it 
is  a  meaningful  variable  to  use,  he  can  add  it  to  the  system 
on  a  "permanent"  basis,  thus  enlarging  his  set  of  goals. 

5.2  A  DODO  Example 

To  present  a  picture  of  the  DODO  capabilities,  this  section  con¬ 
tains  an  example  of  the  use  of  DODO.  The  example  illustrates  the  definition 
of  one  BDM  that  is  generated  in  the  "search  and  choice"  process  for  deter¬ 
mining  an  optimal  solution. 

In  the  following  example,  all  lines  beginning  with  a  ***  are  printed 

as  output  by  the  system.  Inputs  include  comments  and  commands.  All  lines 

beginning  with  a  $  are  comments.  All  other  lines  are  commands  to  be  ex- 

cuted.  All  phrases  within  single  quotation  marks  -  'THUS'  -  are  arbitrarv 

names  assigned  to  a  block  of  data  bv  the  user  for  easy  reference. 

*  Work  is  in  progress  to  incorporate  explicit  coal  fabric  capabilities,  less 
restrictive  than  th>*  use  of  utilities. 
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DODO 

AAA 

ICES  DODC 

l  I  -  PROBLEM  SOLVING  PROCESS  MODEL 

AAA 

CIVIL 

ENGINEERING  SYSTEMS  LABORATORY 

aaa 

TRANSPORTATION  SYSTEMS  DIVISION 

AAA 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 

AAA 

CAMBRIDGE,  MASSACHUSETTS 

AAA 

AAA 

THE  FILE 

STRUCTURE  FOR  THE  PSP  MODEL 

AAA 

CONSISTS 

OF  6  PRIMARY  DICTIONARY  FILES 

AAA 

AA* 

THE 

ACTION  FILE 

aaa 

THE 

PARAMTER  FILE 

AA* 

THE 

CONSQNCE  FILE 

*** 

THE 

UTILITY  FILE 

AAA 

THE 

GOALS  FILE 

AAA 

THE 

PREFENCE  FILE 

OPERATION 

'N.E.CORR' 

$  DEFINITION  OF  ACTION  A  -  RESULTS  OF  SEARCH 

ACTION  'A' 

ALTERNATIVE  TO  'AA'  'AAA'  'AAAA' 

INCLUDED  IN  'GROSS'  'HIGHER' 

INCLUDES  ' 3LQWER ' 

« 

COMPONENT  OF  'X' 

COMPOSITE  OF  'R'  'S'  'T' 

STRATEGY  ' 20YFARS '  STAGE  10,  STRATEGY  ' 15YEARS'  STAGE  7 
TEXT  'ACTION  A'  'MESSAGE' 

DESCRIPTORS  FOLLOW 

NETWORK  'N.E.CORR' 

DISTRICT  DATA  '5CITIES' 

MODE  DATA  '4MODES' 

FARE  DATA  'EXISTING' 

FREQ  DATA  'PROPOSED' 

V/P  DATA  * 1968TECH' 

END  DESCRIPTORS 


E\'f>  ACTION  DEFINITION 
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$  DEFINITION  OF  PARAMETER  P 

PARAMETER  'P' 

MODAL  SPLIT  PARAMETERS  '1966' 

DISTRICT  GROWTH  PARAMETERS  '1967' 

END  PARAMETER  DEFINITION 
$  PREDICTION  OF  CONSEQUENCES 

PREDICT  CONSEQUENCES  ’ C '  OF  ACTION  'A'  AND  PARAMETER  ' P ' 
GENERATION  RATE  '1968A' 

POTENTIAL  TRIPS  '1968' 

ACTUAL  TRIPS  '1968LINK' 

DISTRICT  DATA  '1970' 

END  OF  PREDICTION 
$  DEFINE  UTILITY  FUNCTION 

UTILITY'  FUNCTION  *U' 

WAIT  FACTOR  0.50 

TIME  COST  2.00 

END  UTILITY  DEFINITION 
$  EVALUATE  THE  CONSEQUENCES 

EVALUATE  CONSEQUENCES  'C'  WITH  UTILITY  FUNCTION  'U' 

TO  DETERMINE  GOAL  VARIABLES  'V' 

$  DETERMINE  THE  PREFERENCE  ORDER 

PREFERENCE  ORDER  ' R ’ 

ACTION  'R'  PREFERRED  OVER  'B'  'C  'D' 

ACTION  'B'  INDIFFERENT  TO  'C' 

ACTION  'R'  BEST 
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ACTION  *  F ’  WORST 


END  PREFERENCE  ORDER 

$ 

EXAMPLES  OF  LIST  AND  PRTI 

LIST 

ACTIONS 

a  aa 

LIST  OF  ACTIONS 

aaa 

AA 

aaa 

AAA 

aaa 

AAAA 

aaa 

CROSS 

aaa 

HIGHER 

aaa 

3 LOWER 

aaa 

X 

aaa 

R 

aaa 

s 

*** 

T 

aaa 

A 

LIST 

PARAMETERS 

aaa 

LIST  OF  PARAMETERS 

aaa 

P 

PRINT  CURRENT  BDM 

Ax  A 

BASIC  DECISION  MODULE 

10 

AAA 

ACTION  A 

AAA 

PARAMETER  P 

.AA 

CONSEQUENCE  C 

AAA 

UTILITY  FUNCTION 

u 

AAA 

GOAL  VARIABLES  V 

AAA 

PREFERENCE  ORDER 

R 
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$  EXAMPLE  OF  CRITERION  DEFINITION 

DEFINE  CRITERION  'COST' 

FARE  'WASH'  'PHIL'  LT  5.00 

FARE  'WAS'  'PHIL'  'AIR'  GT  10.00 

POPULATION  'WASH'  GT  POPULATION  'PHIL' 

END  CRITERION  DEFINITION 
$  EXAMPLE  OF  SET  DEFINITION 

CREATE  SET  'FARE' 

CRITERION  'COST' 

ACTIONS  ALTERNATIVE  TO  'A' 

END  SET 

$  PRINT  OUT  SET  ELEMENTS 

PRINT  SET  'FARE' 

***  SET  FARE  HAS  2  ELEMENTS 

***  ACTION  AA 

***  ACTION  AAA 

$  ORDER  SET  FARE 

ORDER  SET  'FARE'  BY  INCREASING  'RAIL*  SUBSIDY 
***  SET  FARE  —  INCREASING  'RAIL'  SUBSIDY 

***  ACTION  AAA  . ...18000000 

***  ACTION  AA  . 20000000 

$  DEFINE  GOAL  VARIABLE 

DEFINE  GOAL  VARIABLE  'AVE  COST' 

COMPUTED  BY  SUM (TRIP*FARE) /SUM (TRIP) 


$ 


EXAMPLE  OF  USE  OF  G.V 
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’AYK  COST'  FROM  'WASH'  to  'HOST'  VIA  'AIR' 

***  AVK  COST  EQUALS  18.69 

$  AGGREGATE  OVER  ALL  DESTINATIONS 

'AVE  COST'  FROM  'WASH'  TO  ***  BY  'BUS' 

***  AVE  COST  EQUALS  8.03 

$  ADD  C.V.  TO  ALL  SETS  OF  GOALS 

EVALUATE  'AVE  COST'  FROM  'NEW  YORK'  TO  'BOSTON' 

BY  ***  FOR  ALL  BDM 

$  END  OF  DODO  EXAMPLE 

FINISH 
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6.0  The  Goal  Fabric  Concept 

The  Impacts  of  transportation  alternatives  are  many.  We  can  dis¬ 
tinguish  these  impacts  by  their  nature,  the  groups  which  are  affected, 
and  time  at  which  they  occur.  Some  of  these  impacts  are  relatively 
easy  to  evaluate  in  quantitative  terms  -  such  as  travel  time,  out-of- 
pocket  costs.  Others  are  difficult  or  impossible  to  quantify  -  such 
as  "quality  of  life",  change  in  regional  growth  pattern,  etc.  Such 
impacts  can  only  be  ranked  -  i.e.,  placed  in  an  ordinal  scale  -  or 
perhaps  only  given  nominal  values  such  as  the  numbers  on  the  shirts  of 
football  players.  Some  impacts  occur  quickly  and  cause  only  short¬ 
term  effect;  others  will  not  occur  until  a  long  time  into  the  future. 

The  groups  which  are  affected  must  potentially  include  a  number  of  ex¬ 
amples  of  the  basic  types  outlined  earlier  -  users,  operators;  non¬ 
users  including  physically-impacted,  functionally  impacted,  and 
governmental  actors. 

6.1  The  Problem 

To  define  and  operate  upon  goals,  we  must  first  formulate 
a  list  of  "goal  variables":  we  must  have  a  variable  for  each  facet  of 
the  problem  which  will  be  relevant  to  our  decision  among  alternative 
actions.  In  light  of  the  above  discussion,  we  will  hove  goal  variables 
for  different  groups  which  may  be  affected,  for  different  kinds  of 
impacts,  and  for  different  points  in  time.  For  example,  we  may  have 
goal  variables  corresponding  to  each  of  the  following: 

a.  noise  impacts,  perceived  bv  SST  users  (;.assengers)  in  1980 

b.  noise  impacts  perceived  bv  SST  users  (passengers)  In  1990 

c.  noise  impacts  ;crceived  bv  SST  non-users,  over  whose 

propertv  the  SSI  flics,  in  19PO 
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d.  trip  times  perceived  by  SST  passengers  in  1980,  etc. 


Once  we  have  defined  a  list  of  goal  variables,  we  may  then  attempt 
to  use  this  list  as  a  basis  for  choosing  among  alternative  actions.  The 
simplest  way  is  to  use  the  list  as  a  checklist  -  if  the  level  of  every 
goal  variable  on  the  list  is  satisfactory,  then  that  action  is  acceptable; 
it  is  unacceptable  otherwise. 

A  more  general  approach  is  to  establish  some  type  of  scoring  scheme. 
Mathematically,  this  can  be  expressed  as 


3ij  Wj 


where : 


w 

a 

U 


J 

ij 

i 


relative  weight  of  the  j'*1  goal  variable 

level  on  scale  of  goal  variable  achieved  by  action  i 

total  weighted  score  for  action  i. 


Standard  economic  criteria,  such  as  total  annual  cost,  net  present  worth, 
or  benefit-cost  ratio  are  variants  on  this  scheme,  as  also  utilitv  theory. 


The  difficulties  with  such  a  scheme  (as  discussed  in  Section  2.0  of 
this  chapter),  include  the  following: 

a.  we  never  have  a  full,  complete  list  of  goal  variables; 

b.  it  is  very  difficult  to  get  all  the  goal  variables  defined  so 
as  to  be  independent,  mutually  exclusive,  and  all  at  the  same 
"scale"  of  relevance, 

c.  we  can  never  completely  identify  the  relative  values  of 
all  possible  combinations  of  the  various  objectives; 
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d.  we  prefer  to  make  decisions  based  upon  the  differences  between 
alternatives,  not  the  absolute  levels;  it  is  particularly 
important  to  us  in  making  a  decision  to  know  how  much  of  goal  j 
we  must  give  up  to  achieve  goal  k; 

e.  particularly  in  a  socic-polltictil  context  sveh  as  transportation, 
it  is  essential  to  examine  the  differential  incidence  -  one 
alternative  may  score  high  on  the  goal  variables  important  to 
group  A  but  lew  on  those  important  to  group  B,  and  therefore, 

the  total  score  hides  the  essential  issues  of  choice; 

f.  objectives  change  over  time  -  it  is  sometimes  as  important 

to  clarify  our  objectives  through  examining  a  series  of  successive 

alternatives,  as  it  is  to  develop  new  actions  to  implement. 

i 

6 . 2  Approach:  The  Goal  Fabric 

Recognizing  the  difficulties  of  the  "scoring  scheme"  approach, 
an  attempt  was  made  to  develop  a  looser,  more  subtle,  more  flexible 
approach  to  evaluating  and  choosing  among  alternatives.  The  concept 
developed  is  termed  the  "Goal  Fabric".  It  does  not  solve  the  problem 
completely,  but  seems  a  fruitful  direction  for  development. 

The  basic  ideas  of  the  Goal  Fabric  are: 

a.  a  list  of  goal  variables  can  be  generated,  but  this  list 
is  never  complete  nor  fully  consistent  and  independent; 

1  danheim,  Marvin  I.  and  Fred  !..  Hall,  ABSTRACT  R  F  PR  KS  KNT  AT  I  ON'  OF  GOALS. 
Professional  Paper  P67-24,  Cambridge,  Mass.,  M.I.T.,  Dept,  of  Civil 
engineering  (l*Jh8),  Volume  XIV  of  a  series.  Also  in  TRANSPORTATION: 

A  SKRV1CK,  Proceedings  of  the  New  York  Academe  of  Sciences  -  American 
Society  of  Mechanical  engineers  Transporl.it  ion  engineering  Semnosium  (IhPSI, 
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b.  a  number  of  relations  among  goal  variables  can  be  identified 
and  used  to  structure  the  list  (means-ends,  specification; 
value-wise  dependence  or  independence) ; 

c.  it  is  not  necessary  to  get  complete  information  on  all 
possible  combinations  of  values  of  the  goal  variables  (e.g. 
by  getting  dollar  equivalents,  or  by  defining  a  utility 
function);  the  decision  maker  need  supply  only  sufficient 
information  to  indicate  his  preferences  between  the  alter¬ 
natives  with  which  he  is  confronted,  not  all  possible 

r 

alternatives . 

The  resulting  technique  is  described  in  detail  in  a  related  report. 

6.3  Example;  Prototype  Analysis  Goal  Structure 

The  basic  impacts  and  consequences  which  are  treated  in  the 
prototype  analysis  were  discussed  in  Chapter  III.  As  indicated  in  that 
chapter,  various  aggregate  measures  of  those  impacts  are  constructed. 

For  example,  travel  times  are  summed  over  origins,  destinations,  and/or 
modes,  to  various  levels  of  aggregation.  On  such  a  summation,  all  the  goal 
variables  are  weighted  equally. 

The  general  structure  of  the  goal  variables  is  shown  in  Figure  IV-2, 
The  figure  indicates  how  many  different  goal  variables  the  analyst  may  wish 
to  examine,  and  the  complex  structure  of  their  interrelations. 
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7.0  Multi-Level  Problem  Solving:  Network  Aggregation 

In  human  problem-solving,  we  rarely  analyze  real  problems  at  ouly 
one  level.  It  is  a  natural  approach  to  problem-solving  to  operate  at 
several  levels  of  analysis.  In  some  contexts,  this  corresponds  to  first 
doing  "preliminary  analysis,"  then  "detailed". 

7.1  Hierarchical  Structure 

When  an  analysis  process  deals  with  several  levels,  we  say 
it  is  "hierarchically-structured".  A  model  of  hierarchically-structured 
problem-solving  processes  has  been  developed , ^  revolving  around  the 
concept  of  inclusion  among  actions. 

By  inclusion  we  mean  that  one  action  may  be  a  representation  of 
a  set  of  ether  actions.  For  example,  a  schematic  diagram  of  a  network 
and  its  associated  regional  development  pattern  ("linear  system," 

"a  pclynucleated  region")  may  represent  a  number  of  different  detailed 
network  and  land  use  pattern  alternatives.  Conceptually,  we  can  visualize 
the  "gross"  or  "higher  level"  action,  as  a  set  of  more  detailed,  or  "lower 
level"  actions;  all  the  lower-level  actions  in  the  set  differ  in  details 
but  have  the  same  basic  characteristics,  and  so  can  be  represented  by  a 
single  higher-level  action. 

The  concept  of  hierarchical  structure  is  defined  by  this  inclusioi 
relation.  Consider  now  the  "basic  operator,"  consisting  of  the  sequence 
search-prediction-evaluation-choice  vi.e.,  search  followed  by  selection). 
Such  a  basic  operator  produces  a  characteristic  kind  of  action.  For 
example,  ir  highway  location,  we  might  have  three  operators;  one  operator 
to  produce  bands  of  interest,  a  second  to  produce  location  bands,  and  a 
third  to  produce  locations. 

1  Nanheim,  Marvin  l.,  HIERARCHICAL  STRUCTURE:  A  MODEL  OK  DESIGN  AND 
PLANNING  PROCESSES,  Abridge,  M.I.T.  Press  (1966) 
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The  purpose  of  multi-level  structure  is  to  enable  us  tc  search 
more  efficiently  by  generating  and  evaluating  gross  alternatives  as 
well  as  detailed  ones.  The  inclusion  relationship  implies  that  only 
for  the  most  detailed  alternative?  is  it  possible  to  predict  impacts 
precisely.  Of  course,  since  at  higher  levels  we  are  working  with 
approximate  characteristics  rather  than  precise  detailed  characteristics, 
there  is  higher  uncertainty  about  the  performance  of  alternatives.  In 
other  words,  if  we  are  dealing  with  performance  attributes  of  a 
particular  system  then  we  can  get.  a  single-valued  vector  only  at  the 
most  detailed  level.  At  other  levels  we  can  only  deal  with  the  dis¬ 
tribution  of  these  attributes. ^  So  what  we  gain  in  computational 
effort  by  dealing  at  the  gross  level,  we  lose  in  accuracy  and  certainty 
of  results. 

7.2  Multi-Level  Transportation  Analysis 

The  complexity  of  the  transportation  systems  problem  suggests 

we  may  find  it  efficient  to  structure  it  as  a  multi-level  process.  A 

possible  multi-level  structure  was  initially  proposed  by  Bruck,  Manheim, 

2 

and  Shuldiner  for  the  Northeast  Corridor  study.  Related  work  is  dis¬ 
cussed  in  C'naptet  V,  Search. 


Cit. 

‘  Bruck,  N.H.,  Marv<n  L  Manheim,  and  Paul  W.  Shuldiner,  TRANSPORT  SYSTEMS 
PLANNING  AS  A  PROCiSS;  THE  NORTHEAST  CORRIDOR  EXAMPLE ,  Professional  Paper 
P67-23,  Cambridge,  Mass.,  Dept,  of  Civil  Engineering.  M.I.T.  (1967). 
Volume  XIII  ot  a  series,  also  in  1967  PROCEEDINGS  OK  THE  TRANSPORTATION- 
RESEARCH  KORUM. 


196 


7 . 3  Network  Aggregation 

'  To  successfully  use  a  multi-level  framework,  an  understanding 

of  the  fundamental  relationships  among  different  levels  is  necessary. 

To  develop  this  understanding  in  the  particular  context  of  network 
eauilibrium,  experiments  were  conducted  in  the  area  of  network  aggregation. 

7.3.1  A  Question  of  Detail 

A  basic  problem  in  the  analysis  of  transportation  systems 
is  that  of  the  detail  with  which  networks  are  modelled.  Very  rarely  can 
the  analyst  expend  sufficient  resources  to  model  a  transport  network  in  full 
detail,  with  a  link  in  the  model  for  every  link  in  the  real-world  network. 
Rather,  tne  analyst  must  be  satisfied  with  an  approximate  reoresentation 
of  the  real  network. 

For  example: 

a.  urban  transportation  -  usually  the  rail  transit  and  expressway 
systems  are  represented  in  comp]  :te  detail, but  the  arterial  and 
local  streets,  and  bus  lines,  are  more  usually  approximated  in  some 
way. 

b.  megalopolitan  or  national  transportation  systems  analysis  - 
usually  only  the  major  intercity  links  can  be  modelled  directly; 
the  incra-urban  networks,  and  secondarv  road  systems,  can  be 
represented  only  approximately  at  this  scale  of  interest. 


*Chnn,  Yupo,  Kenneth  C.  Follansbec,  Marvin  l..  Manhelm,  and  John  Mumford, 
ACr.RFCATION  IN  TRANSPORT  NETWORKS:  AN  APPLICATOR  OF  HIERARCHICAL 
STRl’CTURF,  Research  Report  RAP-47,  Cambridge,  V.tss.:  Dept,  of  Civil 
Engineering,  M.I.T.  (19A8),  Volume  VIII  of  a  series. 
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When  modelling  in  full  detail  is  not  possible,  the  analyst  must 
explicitly  account  for  the  uncertainties  introduced  by  the  approximation 
by  a  less-than-fully  detailed  ("aggregate")  network.  The  basic  idea 
is  that  each  link  of  an  "aggregate"  network  corresponds  to  a  set  of 
links  in  the  true  network.  This  simple  notion  implies  that  the 
aggregate  link  does  not  have  a  single  value  of  travel  time  (length, 
capacity,  other  parameters),  but  a  probability  distribution.  The 
analyst  should  formulate  and  use  this  distribution;  and  thus  avoid 
possible  serious  errors  which  may  result  from  only  using  the  point 
estimate  of  the  aggregate  link's  travel  time  (length,  capacity,  etc.). 

In  general,  manv  different  levels  of  detail  of  network  representations 
will  be  desirable.  Each  will  have  a  corresponding  uncertainty  in 
analysis,  consequent  upon  the  degree  of  aggregation;  but  as  aggregation 
and  uncertainty  increase,  ease  of  computation  for  analysis  should  increase 
and  computing  cost  (dollars,  time)  should  decrease. 

It  is  the  task  of  the  analyst  to  determine  the  desired  level  of 
detail  for  an  aggregate  network.  To  do  so,  he  must  estimate  the  relative 
benefits  of  increased  accuracv  associated  with  a  detailed  network  versus 
the  ease  of  computation  and  analysis  effort  permitted  with  an  aggregate 
form.  If  a  small  number  of  alternative  transport  systems  are  being 
evaluated  for  a  final  decision  of  which  alternative  to  implement,  un¬ 
certainty  in  the  network  parameters  should  be  ml?*imized  and  the  required 
aggregate  network  will  retain  a  high  level  of  detail.  If  preliminary  studies 
are  being  performed  on  a  large  set  of  widely  different  transportation  alter¬ 
natives,  then  a  higher  level  of  uncertainty  car.  he  tolerated  to  permit  many 

*  More  precisely,  a  subset  o’  links  at  the  aggrev  e  level  correcpond 
functionally  to  a  sublet  at  the  "true"  level.  Sec  furrher  Marvin  k. 
Manheim,  PTFVMTMtr.U  STntr~‘“‘  .  o*.  cJU 
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analyses  so  that  possible  al ternat  Ives  can  be  reduced  to  a  small  number 
for  detailed  analysis.  The  usefulness  of  aggregation  in  a  transportation 
planning  environment  is  reflected  in  the  ability  to  analyze  a  larger 
number  of  alternative  transportation  systems  for  a  given  set  of  analysis 
budget  and  time  constraints  than  would  be  possible  if  aggregation  techniques 
were  not  emploved. 

7.3.2  Forms  of  Aggregation 

Network  aggregation  occurs  in  every  transportation  analysis. 
F.verv  network  model  is  an  abstraction  of  the  physical  system  of  highways, 
streets,  and  other  channels  of  transportation.  It  is  not  at  all  feasible 
to  represent  the  actual  detailed  street  svstem  in  its  entirety.  In 
spat J  .1  aggregation,  we  create  an  "aggregate”  network  as  an  approximation  to 
some  more  detailed  one. 

We  can  also  have  temporal  aggregation.  Flow  patterns  in  networks  are 
subject  to  temporal  variations.  The  traffic  during  the  rush  hours  is 
entirely  different  from  that  during  3  a.m.  in  the  morning.  This  variation 
is  seen  also  in  the  seasonal  fluctuations  in  regional  networks.  The  number 
of  inter-city  travellers  in  August  is  different  from  that  in  February. 

In  order  to  describe  the  traffic  flow  pattern  accurately,  it  would  be 
necessary  to  perform  a  large  number  of  network  equilibrium  computations 
corresponding  to  the  peak  and  off  peak  hours  of  the  day  and  the  summer  and 
winter  seasons  of  the  year.  However,  usually  the  limited  amount  of  analysis 
resources  allows  only  a  few  network  equilibrium  analyses  to  be  performed. 

The  transportation  analyst  is  therefore  forced  to  represent  che  time  varying 
flow  pattern  by  a  few  temporally-aggregated  equilibrium  calculations.  For 
economv  reasons,  he  may  attempt  to  extract  information  about  peak  hour  and  off 
peak  hour  traffic  from  an  "average"  equilibrium  flow  analysis. 
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7.3.3.  Experiments 

Experiments  and  analyses  of  network  aggregation  were 
conducted  in  a  variety  of  ways.  Alternative  aggregation  rules  were  form¬ 
ulated.  Several  idealized  test  networks  were  constructed,  and  using 

» 

TRANSET,  experiments  were  conducted  to  explore  the  properties  of 
aggregation  in  these  networks.  Theoretical  analyses  were  also  conducted. 

Particularly  important  conclusions  were  derived  from  a  thi oretical 
analysis  of  a  simple  aggregation  approach.  These  results  are  summarized 
in  the  following  section. 

7.3.4.  Aggregation  in  Space  and  Time 

A  simple  case  example  was  explored  in  detail  to  determine 
the  validity  of  network  equilibrium  analyses  made  with  aggregate  parameters. 
Realizing  that  both  the  trin  demand  curve  and  supply  curve  rre  time  varying 
functions  throughout  the  day,  thip  analysis  explored  the  relationship  of 
the  equilibrium  point  of  the  aggregate  analysis  and  the  equilibrium,  points 
of  the  detailed  analysis.  It  was  found  that  under  special  conditions 
(e.g.,  special  shapes  of  the  supply  and  demand  curves),  the  aggregate  analysis 
is  sufficiently  accurate  to  apt  ''. 'mate  the  detailed  behavior  of  the  equili¬ 
brium  points  throughout  the  day,  while  in  other  cases,  the  aggregate  results 
are  unrealistic. 

The  common  assumption  is  chat  a  network  equilibrium  computation,  with 
average  input  parameters  such  as  an  average  demand  crip  matrix  and  a  set  of 
volume  delav  curves  which  'on  tne  average'  approximate  the  travel  time 
characteristics  on  the  link,  gives  equilibrium  outputs  which  is  also  the 
average  approx inat ion  of  the  detailed  distribution.  This  assumption  i «■  not 
alwavs  true.  Tor  trav.-l  ,  i~v  output,  this'goldeo  roan*  e.nnvpt  is  valid. 
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in  chat  the  aggregate  travel  time  is  bounded  between  the  peak  and  off- 
peak  travel  '■imes  tor  all  cases.  But  for  volume,  the  'golden  mean'  concept 
is  valid  only  under  special  restrictions  on  the  slopes  (elasticities)  of  the 
supply  and  demand  curves,  and  the  peaking  characteristics  of  the  travel 
demand. 

Thus,  the  common  practice  of  computing  network  equilibrium  using 
average  parameters  does  not  in  general  give  flow  volumes  which  are  between 
the  extreme  values  of  the  detailed  equilibrium  flow  volumes. 

These  conclusions  were  obtained  bv  an  analytic  investigation.  An 
aggregation  rule  was  formulated  to  collanse  the  spaciallv  and  temporally 
varying  parameters  of  supply  and  demand.  Networtc  equilibrium  based  on  the 
aggregated  analysis  is  calculated  by  solving  the  supply-demand  equations. 

Also,  equilibria  are  calculated  for  the  same  link  on  a  detailed  level,  in 
which  we  look  into  the  peak  and  off-peak  flow  situations.  A  comparison  of 
the  equilibrium  points  obtained  from  both  the  aggregate  and  detailed  analysis 
is  made,  leading  to  the  above  conclusions. 

7.3.5.  Aggregation  Rules 

A  survey  of  alternative  aggregation  rules  was  developed. 

These  aggregation  rules  suggest  methodologies  to  aggregate  zoi  s,  links  and 
time-varying  flow  pattern.  Many  of  these  rules  are  based  on  weighted  averages. 
In  order  to  apply  an  aggregation  rule,  an  initial  estimate  of  the  network 
equilibrium  flow  pattern  is  necessary.  This  fact  can  be  seen  very  clearly 
in  the  "network  reduction"  link  aggregation  rule.  The  analyst  must  have  an 
idea  of  the  relative  magnitude  of  the  flow  distributions  before  he  can  decide 
on  the  set  ot  links  that  can  be  removed.  The  initial  estimate  of  equili¬ 
brium  is  important  because  these  estimated  flows  and  service  levels  (e.y. 
travel  time)  are  required  to  serve  as  "weights"  in  computing  the  aggregate, 
tverav- 


parameters. 
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All  the  aggregation  rules  analyzed  are  designed  to  update  the 
following  3  components  of  a  network  equilibrium  analysis: 

(i)  Zones  -  a  set  of  zones  are  aggregated  together  to 

form  an  aggregate  zone. 

(ii)  Supply  functions-  a  set  of  links  are  represented  by  an 

aggregate  link  with  a  level  of  service 
function  derived  from  that  of  the  set  of 
detailed  links,  which  may  be  time  varying. 

(iii)  Demand  functions-  the  demand  between  zone  pairs  are  collapsed 

together  to  form  aggregate  demand  functions 
according  to  the  way  zones  are  collapsed 
together  to  form  aggregate  zones.  The 
detailed  demand  functions  can  be  time  varying. 

In  general,  it  was  found  that  zone  aggregation  is  more  difficult  than 
aggregation  of  supply  (link  aggregation)  and  demand  functions.  The  difference 
lies  in  dimensionality.  The  dimensionality  associated  with  zone  aggregation 
is  an  order  of  magnitude  higher  than  supply  and  demand  aggregation.  Once 
zone  aggregation  has  been  performed,  supply  and  demand  aggregation  follow  in 
a  relatively  straight  forward  way. 

It  is  recommended  that  more  emphasis  should  be  placed  on  link 
aggregation  (as  opposed  to  zone  aggregation).  Since  the  core  of  the  problem  of 
network  aggregation  lies  in  solving  the  complex  interaction  of  supply  and  demand, 
it  is  felt  that  rearranging  the  zone  oatterns  would  further  complicate  the 
demand  functions.  Further,  it  has  been  pointed  out  that  detailed  interzonal 
transfers  information  is  retained  in  a  link-aggregated  network  better  than  a 


zone-aggregated  network.  It  is  easier  to  handle  the  technologically 
controllable  supply  curves  Lhan  the  socio-economically  determined 
demand  functions.  Thus,  to  replace  a  set  of  links  bv  an  equivalent 
composite  link  which  renders  the  same  level  of  service,  promises  to  be 
a  more  fruitful  endeavor. 
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8.0  Computer  Graphics  In  Transportation  Analysis: 

In  a  comprehensive  PSP,  the  solved  and  current  problems  are  used 
as  the  data  base  where  they  logically  influence  new  decisions.  We  need 
to  record  and  interpret  a  seauence  of  decisions  and  a  large  volume  of 

Q 

information  generated  during  the  solution  process  to  make  it  meaningful. 
A  graphic  capability  can  assimilate  a  proliferation  of  data  for  meaning¬ 
ful  interpretation  and  use  by  bringing  out  the  essentials. 

Essentially,  the  issue  is  not  the  mechanics  of  generating  computer 
displays,  but  what  information  is  to  be  displayed  and  how  it  is  to  be 
displayed  so  as  to  be  most  useful  in  the  transportation  analysis 
process . 


Input  to  the  Computer 

Increasing  level  of 
ease  and  realism 


t 

1 

I 


V 


1.  Procedure  Oriented  Language 

2.  Problem  Oriented  Language  (P.O.L.) 

3.  Graphic  input  with  the  help  of 

the  screen,  light  pen  and  function 
keys 


Output  from  the  Computer 
Increasing  level  of 
meaningfulness 


1.  Detailed  numerical  data 

2.  Aggregated  numerical  data,  and 
elementary  plots  of  behavior 

3.  Detailed  graphic  representation  of 
aggregated  data  -  network  loadings, 
dynamic  flows,  etc. 


1 
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A  graphics  capability  enhances  the  transportation  analysis  process 
in  two  ways: 

1.  Better  use  of  intuition  of  the  analyst  through  quick  visual 
comparisons. 

2.  Direct  input/output  procedures  to  establish  closer  communication 
between  the  analvst  and  computerized  data;  e.g.,  network  loading 
displays  showing  steady  state  equilibrium  flows,  and  dynamic 
flows  showing  the  fluctuations. 

The  transportation  planning  process  renuires  storage,  and  comparison 
of  a  series  of  complex  alternatives.  The  recall  may  be  along  the  dimensions 
of  time,  context  or  hierarchical  scale.  This  implies  the  need  for  a  very 
flexible  and  adaptable  granhic  capability,  such  as  dynamic  displays  and 
window  scaledown  techniques  for  extraction,  partitioning  and  aggregation  of 
networks. 

The  basic  issues  are: 

1.  Dynamics  of  a  proposed  network  should  be  analyzed  at  different 
scales  to  perceive  macro  and  micro  implications,  and  to  identify 
strategy  conflict  and  general  alternative  configuration. 

2.  User  must  be  able  to  reference  a  large  data  base. 

3.  Difficulties  of  detail  and  routine  of  programming  should  be 
reduced. 

4.  loose,  and  very  flexible  dialogue  with  the  computer  is  needed. 

The  basic  capabilities  should  include: 

1.  Ability  to  extract  specific  classes  of  informat  ion. 

?.  Abilitv  to  transform  the  information  f ror  one  mode  of  representa¬ 


tion  tv'  another. 
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3.  Difficulties  cf  detail  and  routine  of  programming  should  be 
reduced . 

4.  Ability  to  perturb  the  information  by  altering  the  value  of 
the  variable. 

The  following  is  a  brief  summary  of  where  graphics  might  be  used 
in  each  phase  of  the  standard  transportation  planning  process. 

1.  To  illustrate  the  distribution  of  predominant  land  use  over 
the  entire  study  area.  Existing  population  levels  can  also 
be  represented  to  aid  in  zoning. 

The  level  and  distribution  of  future  trin  ends  can  be  portrayed 
graphically  to  facilitate  identification  of  areas  v>ith  strong 
growth  or  where  trip  ends  are  decreasing. 

3.  The  distribution  of  interzonal  trips  can  be  displayed  graphically 
by  desire  line  plots.  These  represent  travel  demand  intensities 
over  time.  A  ouick  sensitivitv  analysis  is  also  possible  to 
studv  changes  in  volume  patterns  with  respect  to  link  addition 

or  speed  increase  in  certain  directions. 

4.  Modal  split  can  also  be  displaved  by  the  variable  width  line 
between  all  0-P  nairs  where  the  ts'idths  are  proportional  to  the 
percentage  of  total  trips. 

5.  Link  volumes  and  velocities  can  be  displayed.  It  is  possible  to 
monitor  the  assignment  model  at  frequent  intervals  to  study  the 
gradual  loading.  This  can  help  us  identify  the  bottlenecks,  and 
the  effect  of  changing  parameters  of  the  assignment  model,  such 
as  increment  size  o  r  the  assignment  mode. 

4.  The  evaluatin'  of  final  results  can  be  aided  through  use  o*'  raoh  i  es 

to  show  re  1  at i onsh ? ’s  be  tween  nodes  and  d 1st rf but  ions  of  Ids  -.■viable* 
over  the  out i r.  network. 
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7.  Time  Dimension:  To  study  the  micro  fluctuations  in  loading 
which  identify  bottlenecks,  and  also  to  study  fluctuations 
in  long  range  time  periods. 

8.  Availability  of  hard  copy  records  for  use  in  further  studies 
and  as  ...eaus  of  communication  with  public  policy  officials 
or  citizen  groups. 
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9.0  Conclusion;  Transportation  Systems  Planning  as  a  Process 

In  earlier  chapters,  we  defined  the  options  and  Impacts  with  which 
transport  systems  analysis  deals,  and  the  basic  core  models  of  that 
analysis.  In  this  and  earlier  chanters,  we  surveyed  the  issues  of 
search  and  choice  in  the  context  of  both  "static"  and  more  dynamic 
analysis. 

"Search"  Is  the  task  of  finding  a  transnortation  system  design 
which  seems  likely  to  achieve  a  particular  stated  set  of  goals.  "Selection" 
is  the  task  of  determining  whether  in  fact  a  particular  system  design  does 
meet  a  set  of  goals.  Because  the  impacts  of  transportation  are  numerous 
and  differentiated  in  their  incidence  among  groups  in  society,  an  important 
component  of  the  selection  task  is  "choice":  balancing  different  types 
of  impacts  among  various  groups  to  reach  a  preference  ordering  over  alter¬ 
natives. 

If  one  is  willing  to  assume  that  the  goals  can  be  expressed  as  a 
single  objective  function  to  be  maximized  or  mimimized  and  a  set  of 
constraints,  then  various  mathematical  optimization  approaches  may  be 
utilized.  Selection,  including  choice,  becomes  trivial;  search  is  in 
principle  feasible,  though  perhans  at  significant  computational  cost.  As 
a  practical  matter,  even  for  this  case,  search  over  the  full  set  of  options, 
ranging  from  trade-offs  within  the  technology  design  tc  network  structure 
and  operating  policies,  is  solvable  only  in  an  iterative  series  of  successive 
approximat ions. 

The  "rational"  ideal  of  systematic  analysis  has  five  basic  components: 
formulate  objectives,  identify  all  possible  alternatives,  eni'vr..te  their 
eonsomiences,  evaluate  the  utility  of  the  alternatives,  and  choose  the  alter¬ 
native  with  the  highest  utility.  In  this  ideal,  the  objective--  a  sated 
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as  lu'siretl  lewis  of  Impacts;  the  alternatives  are  described  in  terns  cf 
the  various  transportation  and  activity  system  options;  and  the  utility  cf  en<  ! 
alternative  is  expressed  in  terms  of  the  Impacts. 

A  number  of  objections  to  the  static  model  were  raised,  and  to  ccunler 
these,  a  more  subtle  n.odel  of  analysis  was  described.  One  of  the  key  features 
of  this  monel  is  recognition  of  the  evolution  of  both  actions  and  goals  as 
analysis  proceeds  over  time. 

The  recognition  of  the  basic  fact  of  evolution  of  actions  and  goals 
overcomes  the  problem  of  formulating  objectives  in  the  abstract.  initial 
objectives  can  be  revised  as  soon  as  the  first  cycle  of  search  and  selection 
has  produced  some  actions.  The  goal  fabric  construct,  by  replacing  the 
requirement  of  a  utility  function,  can  accept  the  realities  of  policy  analysis 
inability  to  formulate  a  completely  defined  utility  function.  A  seoM-vtlal 
staged  strategy  approach  recognizes  that  we  cannot  explore  all  the  alternative 
at  one  time,  nor  predict  the  future  with  certainty;  and  that  flexibility  is 
desired,  not  single  massive  alternatives.  Furthermore,  explicit  analysis 
of  the  value  of  information,  integrated  into  a  sequential  decision  procesr. 
recognizes  limitations  in  analysis  resources. 

Once  we  have  accepted  the  role  of  analysis  in  helping  to  clarify  both 
options  and  objectives  among  analysts,  decision-makers,  and  the  r  Mv  politic, 
we  see  a  most  exciting  and  challenging  prospect.  At  its  core,  transportation 
systems  analysis  deals  with  "hard1’  technology.  But  because  of  tl  <  multi- 
plicitity  of  impacts,  and  the  imperfections  of  the  analysis  procr  the  role 
of  analysis  is  seen  very  differently  than  in  the  past.  The  role  >  f  analysis 
is  to  clarify  the  issues  of  choice,  not  subsume  them  away;  to  ide  ;ify  ex- 
nlicitlv  areas  of  difficult  choice  because  of  conflicts  among  int  rest  groups: 
to  search  out  alternatives  vhich  can  serve  ns  a  basis  for  comrromlse  and 
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negotiation  in  the  political  process;  and  to  involve  the  polity  in  choice 
through  explorations  they  can  understand. 

To  implement  this  philosophy,  a  number  of  specific  operational  techniques 
are  under  development:  DODO;  goal  fabric  analysis;  network  aggregation  d 
multi-level  structure;  computer  graphics;  evolutionary  staging  and  value-of- 
information  techniques. 

Research  in  the  structure  of  transportation  analysis  as  a  process 


should  continue. 


CHAPTER  V 


SEARCH 


?L3 


1.0  Introduction 

As  a  result  of  the  discussions  in  the  preceding  chapters,  we 
are  now  in  a  position  to  summarize  the  basic  issues  in  the  search  problem. 

The  di'.uasion  of  the  substantive  nature  of  the  transportation  systems 
problem  (Chapter  II)  indica.  id  the  variety  of  options  which  could  be 
manipulated  in  trying  to  formulate  a  transportation  plan  or  policy.  This 
discussion  also  emphasized  the  variety  of  impacts  on  different  groups  which 
needed  to  be  considered  in  analyzing  alternative  plans.  In  order  to  predict 
the  impacts  of  a  particular  set  of  options,  it  is  necessary  to  have  a 
relatively  complex  system  of  models,  organized  around  the  concept  of  supply  and 
demand  equilibrium  in  the  transportation  network.  In  search,  we  are  concerned 
with  trying  to  trace  out  a  full  range  of  options  and  their  impacts.  In 
particular,  we  are  concerned  with  tracing  out  the  substitutabilities  among 
options  in  achieving  different  impacts. 

The  Prototype  Analysis  described  ir.  Chapter  III  indicated  several 
things.  First,  it  showed  that  it  was  in  fact  feasible  to  represent 
the  basic  options  and  impacts  in  a  transportation  systems  analysis  in  a  set 
of  models  of  the  supply-demand  equilibrium  type.  Second,  the  experiments 
indicated  what  some  of  the  problems  and  issues  would  be  in  tracing  out 
the  substitutabilities  and  tradeoffs  among  options  and  impacts.  Even  though 
this  is  a  difficult  problem,  it  still  is  feasible  as  an  objective  to  try 
to  do  systematic  exploration  of  tne  alternatives. 

We  have  seen  that  the  basic  set  of  prediction  models  will  be  used  to 
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evaluate  a  number  of  well  defined  alternative  systems.  This  is  however  only 
the  basis  for  testing  the  alternatives;  the  problem  of  search  it.  to  develop 
inputs  to  the  system  of  models  used  for  predicting  impacts. 

In  general,  as  indicated  by  the  Prototype  Analysis,  the  range  of 
possibilities  for  any  particular  problem  is  immense.  In  practice,  of  course, 
we  can  sample  only  a  very  small  percentage  of  the  large  number  of  possible 
alternatives.  In  doing  this  we  use  a  variety  of  short-cuts; 

We  consider  the  existing  transportation  system,  and  explore 
possible  small  changes  to  that  svstem; 

we  focus  on  a  component  of  the  system  -  we  decompose  the  system 
into  sub-systems,  and  work  only  on  a  piece  of  it  -  for  example, 
we  design  a  better  vehicle  and  ignore  the  terminal,  the  access 
links  or  land  use  impacts; 

we  abstract  and  simplify  from  the  detail  of  the  real  problem, 
constructing  a  model  which  we  can  manipulate  to  get  an  approximate 
idea  of  the  characteristics  of  the  desirable  alternative. 

Each  of  these  approaches  has  its  value,  and  its  limitations. 

In  actuality,  we  want  to  build  up  our  search  strategy  out  of  all  of 
these  approaches.  Because  of  the  massive  fixed  ewisting  investment  in 
transportation  systems,  most  often  we  shall  actually  implement  only  strategies 
which  involve  a  series  of  small  changes  to  the  existing  system.  However, 
we  want  to  make  this  series  of  steps  part  of  an  incremental  path  toward  some 

target  end-state;  this  end-state  objective  may  be  radically  different  from  the 
present  system.  We  shall  often  take  a  piece  of  the  system  and  focus  on  some 
component  if  only  to  understnad  its  properties  better  in  relationship  to  the 
overall  system.  And,  we  shall  definitely  attempt  to  abstract  and  simplify  from 


2]  5 

the  problem. 

This  suggests  the  general  flavor  which  underlies  our  discussion  of 
search.  There  is  no  single,  all-powerful,  procedure  to  use  for  searching 
out  transportation  systems  alternatives.  Rather,  what  is  needed  is  a  variety 
of  tools,  used  flexibly  by  the  transportation  systems  analyst  as  he  explores 
the  shape  of  the  problem. 

In  this  exploration,  we  assume  that  the  analyst  uses  a  complex  system 
of  models  for  predicting  the  impacts  associated  with  each  alternative  action. 
This  model  system,  of  course  involves  network  equilibrium  prediction. 

Because  of  the  variety  of  options  and  impacts,  and  the  complexity  of  their 
interactions  as  represented  by  the  system  of  models,  the  analyst  will  attempt 
to  systematically  trace  out  variations  of  the  options  and  impacts,  as  was 
illustrated  in  the  Prototype  Analysis. 

Every  model  abstracts  from  reality  and  imposes  its  own  biases  on  the 
problem.  We  need  to  be  careful  about  the  limitations  and  biases  imposed  by 
the  system  of  models  being  used.  Thus,  we  can  conclude  that  systematic 
analysis  using  the  predictive  model  system  is  only  a  guide  to  the  search 
process  of  the  analyst. 

The  analyst  uses  predictive  models  and  search  techniques  to  stimulate 
his  perception  and  understanding  of  the  problem.  Neither  the  predictive 
model  system  nor  the  "kit"  of  search  techniques  will  specifv  the  solution 
to  a  transportation  systems  problem.  The  systematic  analysis  of  alternatives, 
and  the  results  of  search  procedures,  ser.e  to  build  up  the  analyst's  image 
of  the  issues  ir.  a  problem.  This  understanding,  conscious  and  unconscious, 
provides  an  experience  base  front  which  he  will  create  intuitively^  that 
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svnthesis  of  technical  and  political  elements  with  which  he  will  try 
to  "solve"  a  real-world  problem.  The  solution  comes  from  the  analyst's 
understanding  and  imagination,  not  the  models;  but  the  models  are  an  important 
aid. 

In  this  chapter,  we  discuss  some  of  the  issues  and  techniques  of  search. 

We  first  describe  search  as  an  abstract  issue,  in  Section  2.  In  the 
following  section,  we  discuss  some  of  the  specific  issues  of  search  in 
transportation  and  some  general  approaches.  In  Section  4,  we  enumerate  a  variety  of 
specific  search  techniques,  which  can  be  viewed  as  modules  of  a  larger  process. 

In  Section  5,  we  discuss  how  these  modules  may  be  strung  together  in 
flexible,  more  powerful  strategies.  Finally,  the  last  section  indicates 
our  conclusions,  including  specification  of  an  ideal  environment  for  search. 
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2,0  The  Issues  of  Search 

2 . 1  The  General  Search  Problem 

We  are  at  some  point  in  the  analysis  process.  Assume  that  we 

•k 

have  some  current  statement  of  goals  £  -  a  statement  of  desirable  levels 

or  ranges  of  impacts.  We  also  have  a  list  of  all  the  actions  which  have 

been  previously  generated  and  examined,  A, ...A  .  Each  of  these  actions 

i  m 

corresponds  to  a  particular  set  of  transportation  systems  options.  For 

each  action,  we  have  the  results  of  previous  selection  cycles,  in  that  we 

have  the  predicted  impacts  for  each  of  these  actions.  We  also  have  the 

preference  ordering,  or  ranking  of  the  actions,  in  terms  of  their  relative 

•k 

achievement  of  the  goals  £  .  Assume  that  none  of  these  actions  has  been 
fully  satisfactory  in  its  impacts. 

The  general  search  problem  is  this: 

Given:  a  list  of  previously  generated  actions  and  their  impacts,  and  a 
statement  of  the  desired  levels  or  ranges  of  impacts; 

Find:  what  values  of  the  decision  options  will  achieve  the  desired  levels 

or  ranges  of  impacts?  That  is,  find  new  actions  A^  which  will  come  closer 

* 

to  achieving  the  goals  G  . 

To  see  the  central  issue,  define  two  functions  C  and  C  as  follows: 

* 

(a)  Search  function:  A^  -  V!(G  ) 

(b)  Selection  function  G  ■  <*(A^) 

If  we  have  n  selection  procedure  -  i.e.,  we  know  v-  then  for  any  A^  we  can 

* 

determine  G^,  its  performance  with  respect  to  the  goals  G  .  If  we  know 

tj>,  on  the  other  hand,  then  search  is  in  principle  trivial:  given  a  statement 

* 

of  desired  goals  G  ,  we  can  find  via  C  the  specifications  of  the  action 

A 

A  which  achieves  those  goals.  Obviously,  G  is  an  inverse  function  of  c . 
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The  reason  why  search  is  a  problem,  of  course,  is  that  the  inverse 
function,  v ,  is  either  unknown  or  intractable  or  both.  This  is  not  hard  to 
understand:  if  it  takes  a  complex  set  of  models  to  predict  the  impacts  of 
a  set  of  options  (i.e.,  execute  4>) ,  then  going  in  the  reverse  direction 
may  indeed  be  very  difficult. 

So  far,  we  have  ignored  the  difficulties  of  selection.  That  is,  we  assumed 
that  given  a  particular  set  of  transportation  and  activity  system  options  - 
a  particular  action  A.,  -  we  can  predict  its  impacts,  via  supply,  demand, 
equilibrium,  resource  requirements,  and  demand  shift  models;  evaluate  those 
impacts,  and  decide  on  that  basis  whether  is  preferred  to  any  previous 
actions  A^ .  In  terms  of  our  symbols,  we  know  $  with  certainty. 

In  actuality,  <f)  is  not  well-defined  either.  If  nothing  else,  we  have 
difficulty  with  choice,  deciding  which  action  is  preferred  after  the 
consequences  have  been  predicted.  Thus,  the  reasons  why  "search  and  choice" 
is  a  problem  are: 

(1)  We  can  never  know  either  ip  or  0  with  certainty  over  the 
relevant  ranges  of  A  and  G; 

(2)  We  need  to  find  both  a  G  and  an  A  which  are  'satisfactory', 
in  the  sense  that  the  statement  of  goals  G  is  acceptable  to 
all  the  relevant  decision-makers ;  and  the  particular 
action  alternative  A  is,  within  the  limits  of  our  predictive 
capability,  anticipated  to  yield  G. 

In  order  to  find  such  an  A-G  pair,  we  must  work  at  two  levels  of 
problem-solving.  At  one  level,  we  generate  particular  A's  and  G's,  trying 
to  find  A's  which  achieve  specified  G's,  and  modifying  G's  as  we  learn  more 


about  the  available  A's  and  their  characteristics.  At  the  second,  more 
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"prodecural"  level,  we  try  to  find  better  estimates  of  the  functions 

1 

i|)  and  <J>,  as  a  means  of  getting  better  A's  and  G's  . 

2.2  The  Search  Problem  in  Transportation 

The  search  p-oblem  in  transportation  systems  analysis  is  difficult 
for  several  reasons:  the  large  number  of  types  of  options  and  combinations; 
the  variety  of  impacts  which  must  be  considered,  and  the  consequent  subtlety 
of  the  goals;  the  complexity  of  interactions  between  options  and  impacts; 
and  the  need  to  consider  staging  over  time.  The  Prototype  Analysis,  as 
simplified  as  it  is,  illustrates  this  complexity. 


CF.  "Goal  Formulation  and  Revision",  and  "Model  Construction"  Procedures  in 
the  PSP  Model,  Chapter  IV. 
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3.0  Approaches  to  Search 

There  a  number  of  general  ways  we  can  try  to  reduce  the 
complexity  of  the  search  problem.  These  include  the  following:  decomposition 
into  subproblems,  reduction  of  dimensionality  through  identification  of 
substitutabilities,  use  of  previously  developed  solutions,  and  abstraction 
into  more  tractable  problems  through  multilevel  structuring  and 
"slicing"  the  time  dimension. 

3.1  Decomposition  into  Subproblems 

One  of  the  obvious  ways  of  reducing  the  search  problem  is  to 
refrain  from  manipulating  all  of  the  options  simultaneosly .  For 
example,  one  might  partition  the  options  very  naturally  into  the  groups 
indicated  in  Chapter  II:  technology,  network  configuration,  link  and  node 
characteristics,  physical  operating  policies  such  as  schedules,  other 
operating  policies  such  as  pricing,  and  vehicle  size  and  characteristics. 

At  first  glance,  this  would  seem  to  be  a  reasonable  partitioning  of  the  set 

of  options.  For  example,  the  problem  of  manipulating  the  operating  options 

is  that  of  the  typical  transportation  operator:  the  questions  of  what  services 

he  should  offer.  The  question  of  pricing  policy  is  often  that  of  a  state 

or  federal  regulatory  agency.  The  problem  of  new  technology  is  that  of 

the  planner  of  research  and  development  activities;  while  the  planner 

dealing  with  networks  and  link  char  Christies  generally  will  assume 

the  mix  of  technologies  as  given.  Tnat,  in  any  event,  is  the  natural 

way  we  might  tend  to  partition  the  options.  Yet  it  is  not  at  all  clear 

that  this  is,  in  fact,  a  reasonable  and  efficient  way  to  do  so. 

1  For  a  discussion  of  arbitrary  partitioning,  see  Alexander,  Christopher, 

NOTES  ON  THE  SYNTHESIS  OF  FORM,  Cambridge,  Mass.;  Harvard  Univ,  Press  (1964); 
Alexander,  Christopher  and  Manheim,  Marvin  l..,  THE  DESIGN  OF  HIGHWAY  INTERCHANGES: 
AN  EXAMPLE  OF  A  GENERAL  METHOD  FOR  ANALYSIS  OF  ENGINEERING  DESIGN  PROBLEMS, 

Highway  Research  Record  148 .Washington,  D.  G.:  Highway  Research  Board  (  1964). 
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Perhaps  one  simple  example  will  help  to  highlight  the  issue. 

Consider  that  we  are  trying  to  design  a  new  transportation  technology, 
and  are  exploring  all  the  various  trade-offs  between  propulsion  system, 
suspension  system,  vehicle  shape  and  internal  characteristics,  and 
passenger  services  to  be  provided,  as  well  as  station  spacing,  maximum 
speed,  acceleration  rates,  and  the  degree  of  smoothness  of  the  supporting 
way  (for  example,  roadway  or  track).  Now,  we  might  be  inclined  to  establish 
certain  performance  levels  as  constraints:  for  example  establish  maximum 
acceleration  and  deceleration  rates,  maximum  rates  of  oscillation  of  the 
vehicle,  minimum  seat  spacing  of  people  in  the  vehicle,  and  so  forth. 

These  design  standards  will  ordinarily  be  established  as  "engineering 
judgments".  Then,  the  technology  design  will  search  out  various  subsystem 
and  system  configurations  which  will  be  within  these  constraints.  When  the 
technology  has  thus  been  optimized  for  cost  and  physical  performance  within 
these  constraints,  we  would  represent  the  result  of  this  research  and 
development  Effort  as  a  specific  technology  design  with  its  corresponding 
supply  function.  In  putting  this  supply  function  into  the  network 
equilibrium  model,  we  will  then  attempt  to  predict  ridership,  and  other 
effects  on  flow  patterns,  revenues  to  operators,  etc. 

Yet,  some  of  the  characteristics  which  we  have  assumed  as  design 
standards  may  well  be  very  significant  service  variables  with  respect  to 
their  effect  on  demand.  For  example,  it  might  turn  out  that  within  a 
fairly  broad  range  of  trip  times,  attractiveness  of  a  new  technology  for 
passengers  is  far  more  sensitive  to  the  rate  of  oscillation  of  the  vehicle 
up  and  down  -  the  physical  comfort  of  the  ri  le  -  than  to  the  perceived 
psychological  comfort  of  the  spacing  of  passengers  and  the  degree  of 
privacy  in  the  vehicle;  which  may  not  be  very  closely  correlated  with 
the  physical  dens i t v  of  passengers  in  the  vehicle. 
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Thus,  a  key  service  variable  which  should  have  been  varied  in 
the  context  of  the  network  equilibrium  formulation,  has  been  fixed 
prematurely  in  the  design  of  the  technology.  The  search  process  should 
have  included  at  the  network  level  variation  of  the  service  characteristics, 
instead  of  subsuming  them  into  the  detailed  technology  design  at  the 
technology  level.  Or,  to  put  it  another  way,  the  wrong  partitioning  of 
the  transportation  options  has  been  implemented. 

The  problem  of  partitioning  the  search  space  of  options  into  subspaces 

is  a  very  real  one.  The  only  sound  theoretical  work  on  this  is  Alexander's 

model  for  decomposition  of  complex  problems  into  subproblems,  via  a  linea 

1 

graph  model  of  the  problem. 

3.2  Substitutabilities : 

Another  useful  approach  is  to  search  within  the  bundle  of  options 
for  combinations  which  are  substitutable  in  respect  to  seme,  if  not  all, 
impacts.  For  example,  different  combinations  of  vehicle  size,  vehicle  speed, 
and  station  spacing  can  yield  the  same  level  of  travel  time  for  a  particular 
volume.  In  a  sense,  the  link  supply  functions  already  represent  the  results 
of  such  trade-off  analyses.  In  developing  a  particular  technological  alterna 
tive  which  is  then  characterized  by  a  link  supply  function,  many  of  the  compo 
nents  of  the  technology,  such  as  suspension  system,  roadway,  propulsion, 
system,  etc,,  have  already  been  partially  optimized  with  respect  to  cost  and 
service  characteristics. 

Even  more  important  is  the  exploration  of  parametric  relationships 
among  the  goal  variables  (the  impacts).  For  example,  one  might  attempt  to 
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determine  whether  it  is  possible  to  decrease  travel  time  for  one  user  group, 
while  not  increasing  travel  time  for  any  other  user  group  and  also  not 
decreasing  net  revenue  for  the  transportation  operators. 

The  prototype  analysis  experiments  (Chapter  III)  illustrate  some  of 
the  substitutability  explorations  which  might  be  undertake  i.  Under  limited 
conditions,  analysis  of  the  demand  and  supply  models  alone  may  potentially 

be  very  useful  in  studying  substitutability  of  one  attribute  for  another. 

1 

Plourde  illustrates  the  concept  of  trade-off-ratios  in  the  context  of  the 
Baumol-Quandt  demand  model.  For  any  particular  origin-destination  pair,  the 
tradeoff  ratios  show  how  the  travel  attributes  can  be  varied  without  altering 
the  volume  of  travel.  Of  course,  this  is  valid  only  over  a  range  of  volumes 
where  network  effects  do  not  occur-that  is,  flows  over  other  routes  and/or 
flows  between  other  origin-destination  pairs  are  not  affected.  Such  tradeoff 
ratios,  together  with  information  about  the  costs  of  providing  different 
levels  of  service,  c.an  suggest  directions  for  system  improvement.  These 
relationships  also  indicate  the  characteristics  that  a  new  mode  would  need  in 
order  to  be  competitive  with  an  existing  one. 

Explorations  of  tradeoffs  among  the  different  goal  variables  are  also 
important  in  order  to  identify  areas  of  potential  conflict  and  negotiation 
in  the  political  arena. 

3, 3  Use  of  Previously  Developed  Solutions 

One  way  to  reduce  the  space  to  be  searched  is  to  u ;e  previously- 
determined  solutions.  "Design  standards",  representing  engineering 
judgment  through  experience,  play  this  role,  as  well  as  othei  standard 
"patterns."  A  design  standard  the  specification  of  the  level  of 


V I  our do ,  CONSUME K  PREFERENCES  AND  THE  ABSTRACT  NODE  VODF ! , 
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some  option  -  for  example,  standards  which  have  been  extensively  used 
in  transportation  design  include  speeds,  number  of  lanes,  and  grades  for 
highways.  A  pattern  is  the  specification  of  a  more  complex  set  of 
relationships  -  the  patterns  for  optimum  spacing  of  expressways  in  a 
highway  system,  developed  at  CATS,  and  for  the  optimum  spacing  of  interchanges, 
developed  by  Berry  and  Satterley,  are  good  examples. 

This  is  a  good  method  in  situations  similar  to  those  used 
in  establishing  the  standard.  Of  course,  the  objectior  to  design  standards 
raised  above  must  be  kept  in  mind,  as  well.  The  highway  grade  standard 
illustrates  the  issue.  The  maximum  grade  represents,  in  principle,  a 
compromise  between  the  capital  costs  of  construction,  which  tend  to 
decrease  with  increasing  grade,  and  vehicle  operating  costs,  which  tend 
to  increase  with  increasing  grade.  Ideally,  one  would  like  to  fine  the 
optimum  grade  for  each  particular  highway  location  by  a  detailed  economic 
analysis  of  construction  and  operating  costs  for  various  grades.  However, 
the  assumption  is  that  such  detailed  analysis  is  not  economically  justified, 
and  that  adherence  to  the  design  standard  (say,  6%)  will  average  out 
reasonably  close:  the  costs  of  additional  detailed  analysis  to  find  the 

true  optimum  grade  for  a  particular  situation  would  not  be  justified  by  the 
margin  of  savings. 

When  one  uses  such  patterns  as  those  reviewed  by  Bhatt,  in  general,  these 
must  be  subjected  to  the  same  kind  of  analysis.  These  patterns  may  represent 
gcod  starting  points  for  the  basic  alternative,  but  as  in  the  highway 
grade  case,  details  of  the  special  circumstances  may  require 

lfUran  U.  Bhatt,  SEARCH  IN  TRANSPORTATION  PLANNING:  A  CRITICAL  BIBLIOGRAPHY, 
Research  Report  R68-46,  Cambridge,  Mass.:  Dept,  of  Civil  Engineering,  MIT 
(1968),  Vol  VII  in  a  series.  See  especially  articles  by  Creighton  et 
al  and  by  Berrv  and  Satterly. 
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that  variants  from  the  specified  norms  be  evaluated  explicitly.  It  i^ 
very  important  to  determine  if  applying  design  standards  for  a  critical 
variable  would  be  premature  fixing  of  that  variable. 

3.4  Multilevel  Structure 

Transportation  planning  can  be  structured  as  a  hierarchical 

process,  where  search  takes  place  at  several  levels.  Decisions  about 

subsidy  levels,  network  changes  and  operating  policies  may  be  most 

relevr^t  at  different  levels  of  detail,  and  may  address  different  levels 

1 

of  detail  among  the  goals. 

Multilevel  planning  provides  a  logical  way  of  partitioning  the  search 
space,  to  avoid  manipulating  all  options  simultaneously.  At  each  level, 
the  actions  and  goals  are  defined  with  appropriate  degrees  of  detail.  At 
the  highest  level  the  actions  and  goals  are  relatively  abstract,  and  the 
descriptive  parameters  may  be  few.  Search  can  be  simpler,  selecting  a 
few  potential  alternatives  which  seem  attractive  enough  to  be  explored  further 
at  a  more  detailed  lev<al.  As  we  go  down  the  multilevel  structure,  we 
introduce  more  and  mere  detail,  but  we  consistently  reduce  the  search  area. 

The  idea  of  multileve1  planning  has  been  used  implicitly  in  mcst 
planning  projects.  For  example,  the  urban  transportation  studies  o.  /eiop 
transportation  plans  at  the  network  level;  options  such  as  toll  policies, 
scheduling  of  transit  and  other  operating  policies  are  dealt  with  separately, 
at  later  stages  or  by  other  agencies.  This  multilevel  structure  is  ad  hoc, 
however,  and  not  explicitly  analyzed  to  identify  clearly  the  relationships 

i - - 

Manheira,  Marvin  I.,  HIERARCHICAL  STRUCTURE:  A  MODEL  OF  DESIGN  AND 
PI.ANNINC  PROCESSES ,  Cambridge,  Mass.:  MIT  Press  (1964);  Bruck,  Henry  V., 

Faith,  im,  Marvin  i..,  and  Shuldiner,  Paul  W. ,  “Transport  Systems  Planning 
a,-  a  Process:  The  Northeast  Corridor  Example*',  in  PAPERS  OF  THE 
TRANSPORTATION  RESEARCH  FORUM,  Volume  8.  Chicago,  Ml.;  Transportation 
Research  Forum  fldb?). 


among  the  goals  and  actions  at  the  different  levels.  Serious  errors 
may  be  induced  by  such  relatively  arbitrary  hierarchical  structure. 

When  planning  is  structured  hierarchically,  different  search 
procedures  can  be  applied  at  various  levels  of  analysis.  The 
nature  and  sophistication  required  of  a  search  procedure  will 
depend  on  the  detail  and  explictiness  of  impacts  considered  at 
t hat  level.  For  example,  the  objectives  and  service  characteristics 
may  be  very  well  defined  at  a  detailed  level,  so  that  a  formal 
and  well-structured  tecnnique  such  as  mathematical  programming  may 
be  well  suited  -  e.g.  to  optimize  schedules  over  a  fixed  route,  At 
a  gross  level  where  we  are  trying  to  manipulate  general  network 
structure  and  policies,  less  formal  search  procedures  have  greater 
relevance,  because  the  impacts  are  more  general  and  often  not 
quantifiable. 

In  summary,  we  need  search  procedures  at  each  level,  and  procedures 
to  relate  the  different  levels. 

3.5  Time-slices 

The  implementation  of  changes  to  a  transpoi tation  system  takes 
time.  The  effects  of  those  changes  in  the  activity  system  -  for  example, 
changes  in  land  use  -  also  occur  relatively  slowly.  In  a  sense, 
the  transportation  and  activity  system  possess  an  inertial  momentum; 
anv  proposed  changes  to  the  system  operate  general Iv  as  impulses 
which  alter  the  trajectory  of  this  inertial  system.  In  general,  the 
intartia  is  so  great  that  the  impulses  can  onlv  modify  the  trajectory, 
not  change  it  dramatically  (at  least  in  the  short  run). 
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Two  basically  different  philosophies  of  planning  exist,  often 
seen  in  contradiction  to  each  other.  In  "end-state"  planning,  one 
identifies  some  target  year  (say,  1985),  and  tries  to  find  the  optimium 
system  for  that  end-state  year.  Most  urban  transportation  studies  have 
done  "end-state"  planning.  In  "incremental  planning,"  one  considers 
the  existing  system,  and  tries  to  find  a  series  of  changes  to  make  to 
that  system  which  will  modify  it  progressively  over  time.  Many 
transportation  operators  view  the  problem  this  way. 

These  two  philosophies  do  not  really  have  to  conflict;  rather,  they 
should  be  seen  as  two  different  ways  of  handling  the  larger  problem 
of  planning  for  a  system  with  large  inertia.  End-state  planning  is 
useful  to  try  to  identify  objectives:  toward  what  state  should  the 
system  be  guided.  However,  to  actually  get  there  requires  consideration 
of  incremental  planning:  die  sequence  of  steps  which,  over  time,  will 
so  modify  the  trajectory  of  the  system  that  it  does  arrive  at  the  desired 
end-state.  These  considerations  are  particularly  important  when  uncertainty 
is  considered. 

The  prototype  analyses  demonstrated  some  of  the  implications  of 
variation  in  time  staging  of  alternatives.  (See  Chapter  III.) 

Thus,  considering  time,  the  general  search  problem  is  to  find  the 
optimal  sequence  of  changes  to  the  inertial  system  over  the  planning 
period  which  results  ir.  the  optimal  end-state,  in  the  face  of  uncertainty. 
This  problem  is  not  solved  at  the  present  state  of  the  art.  What  can  he 
done  is  to  "slice"  at  the  problem  in  different  wavs: 
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a.  focus  on  "optimal"  end-state 

b.  focus  on  optimal  stagings,  under  certainty, 

c.  treat  staging  in  the  face  of  uncertainty  explicitly: 

As  will  be  discussed  in  the  following  sections,  search  techniques 
exist  for"solving"  these  slices  of  the  problem.  All  of  these  techniques, 
however,  beside  involving  slices,  usually  also  require  simplifying 
the  demand  and/or  the  supply  sides  of  the  problem  significantly.  Thus, 
the  actions  developed  by  these  formulations  must  be  tested  in  detail  in 
the  selection  process,  using  the  network  equilibrium  set  of  prediction 
models . 
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4.0  Search  Techniques:  basic  modules 


In  the  preceding  section,  we  identified  several  basic  approaches  to 
search:  decomposition  into  subproblems,  substitutabilities,  use  of 
previously-developed  solutions,  multi-level  structure,  and  time-slices. 

Within  each  of  these  genres,  there  are  many  specific  search  techniques 
which  may  be  useful  under  particular  conditions.  Each  technique  has 
potential  relevance  and  utility  at  some  point  in  the  overall  planning 
process,  but  none  of  them  is  itself  sufficient. 

In  this  section,  a  number  of  very  specific  operational  techniques 
will  be  described. 

These  techniques  can  be  visualized  as  "modules."  As  discussed 
in  section  5> using  these  modules  as  "building  blocks,"  more  complex  search 
strategies  can  be  formulated. 

4 . 1  Mathematical  Optimization: 

If  we  make  some  fairly  drastic  simplifications  in  the  problem, 
we  can  apply  fairly  powerful  techniques.  For  example,  if  we  are  willing 
to  weigh  all  the  impacts  comparably,  in  a  single  dimension,  we  can  formulate 
the  goals  as  an  objective  function  to  be  maximized  (or  minimized),  plus 
a  set  of  constraints.  Then,  the  problem  can  be  formulated  as  a  mathematical 
optimization  problem. 

In  optimization  theory,  it  is  assumed  that  the  degree  to  which  the 
*  This  section  draws  heavily  upon: 

Ochoa-Rosso,  Felipe,  APPLICATIONS  OF  DISCRETE  OPTIMIZATION  TECHNIQUES 
TO  CAPITAL  INVESTMENT  AND  NETWORK  SYNTHESIS  PROBLEMS,  Research  Report  R6S-42, 
Cambridge,  Mass:  Department  Civil  Engineering.  M.I.T.  (1968),  Volume  III 
of  a  series:  Ochon-Uosso.  Felipe  and  Angel  (7)  Silva.  OPTIMUM  PROJECT  ADDITION 
IN  URBAN  TRANSPORTATION  NETWORKS  VIA  DESCRIPTIVE  TRAFFIC  ASSIGNMENT  MODELS , 
Research  Report  Rbd-44,  Cambridge,  Mass:  Department  of  v'tvil  Engineering. 
M.I.T.  (1R68).  Volume  V  of  a  Series. 
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goal  or  objective  of  the  problem  is  reached  for  etch  alternative  course 
of  action  can  be  evaluated  by  a  quantitative  method.  In  other  words* 
a  measure  of  the  utility  of  each  course  of  action  may  be  obtained,  allowing 
the  decision  maker  to  select  the  alternative  yielding  the  maximum  utility. 

The  degree  to  which  the  goal  is  obtained  is  the  figure  of  merit  for  a 
particular  solution. 

DEFINITION.  An  optimization  problem  is  defined  as  the  selection  from 
among  a  set  of  various  alternatives  (possibly  infinite)  of  a  certain  problem, 
the  one  for  which  a  given  figure  of  merit  is  optimized  (e.e.,  maximized 
or  minimized). 

Optimization  theory  in  its  widest  sense  is  the  unified  branch  of 
mathematical  analysis  that  provides  a  formal  approach  to  the  solution 
of  optimization  problems.  Specific  techniques  include  mathematical 
programming,  game  theory,  statistical  decision  theory,  dynamic  programming, 
control  theory,  calculus  of  variations,  etc. 

Optimization  models  can  be  classified  conveniently  by  distinguishing 
three  main  components:  i)  the  set  of  problem  variables  (the  variables 
which  specify  a  solution  -  the  "options");  ii)  the  figure  of  merit  to  be 
optimized;  iii)  the  domain  of  definition  of  the  problem  variables  (determined 
by  the  constraints  of  the  problem).  The  optimal  solution  for  certain  classes 
of  optimization  problems  consists  of  numerical  values  taken  by  the  problem 
variables,  satisfying  the  constraints  and  simultaneously  optimizing 
the  figure  of  merit.  Other  classes  of  optimization  problems  seek  to 
find  a  curve  or  function  (variational  problems),  that  satisfies  a  set  of 
constraints  and  renders  optimal  a  certain  functional  expression  of  the 
set  of  feasible  solution  curves. 

For  certain  problems  the  objective  will  be  amenable  to  a  o losed -for-' 
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mathematical  representation  as  a  function  of  the  control  variables. 

Tor  other  problems  this  closed  representation  might  not  be  obtainable 
and  the  figure  of  merit  for  a  given- set  of  values  of  the  control  variables 
may  only  be  known  after  a  complex  process  has  been  completed  (such  as 
a  simulation  process,  an  engineering  analysis,  the  solution  of  an  elaborate 
computer  program,  or  a  table  look-up). 

Furthermore,  the  problem  may  be  constrained  or  unconstrained.  For 
constrained  problems  capable  of  formulation  in  a  closed-form  mathematical 
representation,  the  nature  of  the  constraint  expressions  may  be  quite 
diverse.  For  instance,  they  may  be  algebraic  or  transcendent  expressions, 
equalities  or  inequalities,  linear  or  nonlinear  with  the  domain  of  the 
variables  being  a  discrete  set  or  the  continuum.  Also  some  of  the 
constraints  may  be  differential  equations  or  definite  integrals. 

Ochoa  indicates  a  tree-structured  classification  of  optimization 
models,  ^  For  certain  specific  classes  of  models,  the  solution 
procedures  form  a  well-established  mathematical  development.  For  instance, 
models  in  the  constrained  optimization  branch  for  which  both  the  constraints 
and  objective  may  be  represented  in  closed  algebraic  form  constitute  that 
part  of  optimization  theory  generally  known  as  mathematical  programming. 

The  class  of  problems  for  which  the  explicit  objective  function  is 
expressed  by  a  definite  integral (functiona 1  objective)  with  or  without 
subsidiary  conditions,  is  the  scope'of  the  classical  calculus  of  variations. 
Those  models  with  constraints  and/or  objective  lacking  a  closed  mathematical 
representation,  may  be  approached  by  the  techniques  falling  under  the 
general  name  of  direct  search  methods. 

Solution  techniques  are  the  procedures  and  algorithms  devised  for 

the  solution  of  optimization  problems.  The  actual  solution  usuailv 
Ochoa,  0£,  Cjt. 
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entails  determination  of  numerical  values  of  the  control  variables  and 
the  optimum  value  of  the  figure  of. merit.  Solution  techniques  for  optimiz¬ 
ation  problems  are  usually  broken  down  into  two  major  categories; 

1 

indirect  and  direct  methods.  With  direct  methods,  the  optimum  solution 
is  sought  by  directly  calculating  values  of  the  objective  function  at 
different  points  of  the  feasible  domain.  The  values  thus  obtained  are 
compared  and,  by  means  of  an  auxiliary  criterion,  a  new  point  is  next 
analyzed  which  hopefully  will  improve  the  value  of  the  objective  function. 

Alternatively,  indirect  methods  look  for  a  set  of  values  of  the 
control  variables  that  satisfy  known  necessary  conditions  for  optimality. 

The  classical  method  of  the  differential  calculus  is  an  example  of  the 
indirect  type,  In  effect,  values  of  the  variables  are  sought  for  which 
the  first  derivatives  of  the  objective  function  vanish,  provided  that 
continuity  of  the  function  and  existence  of  derivative*  in  the  region 
of  interest  are  guaranteed.  In  this  way,  the  optimization  problem  has 
been  transformed  into  a  root-finding  problem. 

The  Simplex  algorithm  of  linear  programming  exhibits  features  of 
both  the  direct  and  indirect  methods.  It  performs  a  direct  search  over 
extreme  points  of  the  feasible  domain  only  (points  satisfying  the  necessarv 
condition  for  an  optimum!  in  such  a  way  that  the  objective  function  is  at 
least  as  good  as  in  the  previous  step.  Final lv,  the  optimum  among  the 
set  of  extreme  points  is  detected  when  the  indirect  criterion  of  feasibility 
of  the  complementary  solution  to  the  associated  dual  problem  is  satisfied. 

For  certain  mathematical  models  of  optimization,  a  solution  method 

t  . . . . 

Wilde.  Uounlas.  J.,  OPTIMO.  SEEKING  METHODS,  Englewood  Cliffs:  Prentice- 
Hail  (lVt.4) 
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may  include  transforming  the  original  model  into  an  equivalent  one  that 

1 

promises  to  be  more  traceable  than  the  former.  In  the  methodology 

2 

of  geometric  programming,  the  polynomial  optimization  is  formulated 

in  terms  of  its  dual  problem  and  this  is  the  model  that  is  actually 

solved.  Another  example  is  the  transformation  of  a  separable  nonlinear 

program  into  a  linear  programming  problem. 

Direct  techniques  may  be  subdivided  into  two  major  groups t 

simultaneous  and  sequential  methods.  Simultaneous  search  techniques 

calculate  values  of  the  objective  function  at  a  set  of  points  determined 

a  priori  by  a  certain  search  strategy.  The  experiments  in  the  prototype 

analysis  explorations  of  fares  and  frequency  of  service  are  examples. 

Sequential  search  methods,  on  the  other  hand,  deal  with  sequentail 

examination  of  trial  solutions,  basing  the  location  of  subsequent  trials 

on  the  results  of  earlier  ones. 

Representative  solution  techniques  for  each  of  toe  classes  of 

3 

methods  discussed  are  given  in  Ochoa.  The  selection  of  a  convenient 
solution  method  for  a  given  problem  depends  on  the  tvpe  of  model  employed, 
the  existing  solution  techniques  for  that  particular  model,  and  the 
computation  facilities  available,  In  the  selection  process  one  may 
consider  such  factors  as  linearities  of  the  model,  number  of  variables, 
number  of  constraints,  special  structures,  separability  or  weak- 
coupling  of  variables  In  constraints  and/or  objective,  objective  or 
constraint  surfaces  of  readily  interpreted  geometric  character,  etc. 

I .  . 

Ochoa  Op.  Cit  . ,  Cf .  Chapters  III  and  IV. 

) 

“Duff  in,  R.I..  h ,  Peters. <u ,  and  C.M.  Zener.  OKOWTRIC  PROORA'^’ISC- 
New  York-  Wilev 

n 

JOehou  loc ,  eft. 
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The  final  selection  of  a  well-suited  method  for  a  particular  problem 
depends  then  on  the  detailed  properties  of  the  model  as  well  as  the 
solution  techniques  that  form  part  of  a  software  package  of  an  available 
computer  installation. 

4.2  Transportation  Applications  of  Optimization 

A  number  of  examples  can  be  given  of  the  use  of  optimization 
formulations  for  components  of  the  overall  transportation  systems  problem. 
For  example,  a  scheduling  problem  can  be  formulated  as  a  dynamic^  0r 
.linear  program  with  an  objective  to  minimize  a  combination  of  operating 
costs  (which  may  include  direct  operating  costs,  indirect  operating  costs, 
maintenance,  labor,  etc.)  and  user  costs  (waiting  time,  travel  time, 
etc.).  The  design  parameters,  or  options,  may  consist  of  speeds,  vehicle 
size,  fleet  size,  etc.  The  formulation  usually  idealizes  the  conditions 
and  one  must  assign  dollar-values  on  waiting  time  and  other  non-dollar 
impacts . 

Direct  calculus  methods  have  also  been  used  for  optimization  of  a 

sub-problem.  Optimum  layout  of  road  systems,  spacings  of  highways,  etc., 

2 

can  be  obtained  under  very  restrictive  assumptions.  These  procedures 
use  such  drastic  assumptions  that  their  utility  is  only  to  guide  the 
planner  in  the  right  direction.  However,  we  can  use  these  to  get  a 
general  idea  of  the  patterns  best  suited  for  the.  particular  areas. 

A  number  of  mathematical  programming  formulations  have  been  developed 
for  variations  of  the  problem  of  network  synthesis:  to  determine  the 
additions  of  new  links  and/or  additions  of  capacity  to  existing  links 

Devannev,  J.  W,,  III,  "Transportation  Scheduling  under  Multidimensional 
Levels",  Unpublished  Sc.D.  Thesis,  M.I.T.,  Sept.  1967;  Simpson,  R.  W. , 
"Computerized  Schedule  Construction  for  an  Airline  Transportation  System", 
T-66-3,  M.I.T.,  November  1966. 

2 

HI' at  t ,  i-.p .  el  t . 
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in  a  network.  A  number  of  these  formulations  are  surveyed  by  Schwartz 
2 

and  by  Ochoa. 

To  understand  the  limitations  of  these,  formulations,  it  is  necessary 

to  review  briefly  the  distinctions  between  two  basically  different 

approaches  to  predicting  network  equilibrium.  These  approaches  are 

generally  given  the  titles  of  descriptive  (i.e.  predictive)  and  normative 

(i.e.  prescriptive).  The  distinctions  are  based  upon  two  different 

3 

criteria,  enunciated  by  Wardrop  and  formalized  in  mathematical  form 

4  5 

by  Beckman  et  al.  and  Chames  and  Cooper.  Each  Wardrop  postulate 

suggests  that  the  flow  distributes  itself  over  the  network  according  to 

one  of  two  contrasting  extremal  principles: 

i)  postulate  of  equal  travel  times:  For  a  flow  assignment, 
the  travel  time  between  any  two  points  the  network  will 
be  the  same  on  all  routes  used  and  less  11  n  the  travel  time 
on  any  other  path  joining  the  same  two  points. 

ii)  Postulate  of  overall  minimization:  For  an  optimal  flow 
assignment,  the  average  travel  time  for  all  users  of  the 
network  attains  its  minimum  value. 

Descriptive  traffic  assignment  models  are  based  on  Wardrop' s  principle 
of  equal  travel  times.  The  computer  implementation  of  such  models  has 
acquired  great  momentum  as  a  result  of  their  use  in  transportation 
studies  of  major  metropolitan  areas  during  the  early  1960's,  These 
programs  implicitly  use  the  game  theory  model  of  Charnes  and  Cooper, 
where  all  travelers  seek  to  minimize  their  own  travel  time.  In  the 


1  - 

Schwartz,  desse,  NETWORK  FLOW  AND  SYNTHESIS  MODELS  FOR  TRANSPORTATION  PLANNING 
A  SURVEY,  Research  Report  P68-32,  Cambridge,  Mass.,  Dept,  of  Civil  Engineering, 
MIT,  (1968). 

2 

Ochoa,  loc,  c it . ;  Ochoa  and  Silva,  loc.  ci t. 

3 

Wardrop,  J,  0.,  "Some  Theoretical  Aspects  of  Road  Traffic  Research", 
INSTITUTE  OF  CIVIL  ENGINEERING,  Road  Paper  M6,  London  119511. 

4 

Heckman,  M..  C  B.  McGuire,  and  C.  Winsten,  STUDIES  IN  THE  ECONOMICS 
OF  I TRANSPORTATION ,  New  Haven,  Connecticut:  Yule  Universitv  Press  (1956) 


Charnes ,  A.  and  W .  .  Cooper,  "Multi “Copy  Ira 

in  R.  Herman  led l  PKOC.  SYMPOSIUM  'N  THE  i'HI'«'RY  o! 
Elsevier  (19M),  pp. 
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Incremental  assignment  method  for  example,  the  flow  distribution 

is  achieved  by  iteratively  assigning  traffic  from  each  origin  node  to  all 

destinations  according  to  current  shortest  path  routes.  After  completion 

cf  each  iteration,  the  resultant  travel  times  on  links  are  updated 

according  to  their  current  loads  and  the  origins  will  again  take  turns 

assigning  portions  of  their  flows.  The  descriptive  models  used  in 

different  transportation  studies  present  variations  in  their  actual 

calculation,  but  they  are  all  based  on  the  principles  indicated  above. 

Normative  traffic  assignment  models  are  based  on  Wardrop’s  postulate 

of  overall  minimization  and  on  the  traffic  flow  analysis  of  Beckman  et  al. 

and  Charnes  and  Cooper:  flows  distribute  themselves  so  as  to  minimize  the 

total  travel  time  in  the  system,  as  opposed  to  individual  travel  times. 

2 

This  optimization  problem  has  been  formulated  bv  Charnes  and  Cooper, 
for  congested  networks,  as  a  non-linear  programming  problem;  the 
nonlinearity  results  from  the  fact  that  link  travel  times  increase  uon- 
linearly  with  flow  volumes.  They  simplify  their  model  by  suggesting  a 
piece-wise  linerization  of  the  volume-delay  relationship,  accomplished  by- 
introducing  multiple  capacitated  arcs  with  increasing  travel  times.  The 
resulting  model  is  a  linear  program  known  as  the  multicopy  cost-minimization 

network  flow  problem.  This  problem  has  been  thoroughly  analyzed  and 

3  4  5 

exploited  by  Pinnell  and  Satterlv  and  by  Hershdorfer  and  Tomlin. 

r - 

Martin,  B.V.,  F.W.  Memmott,  III,  and  A.J.  Bone,  PRINCIPLES  AND  TECHNIQUES 
OF  PREDICTING  FUTURE  DEMAND  FOR  URBAN  AREA  TRANSPORTATION,  Cambridge,  Mass,: 

M.I.T.  Press  (.June  1961).  Martin,  B.Y.,  A  COMPUTER  PROGRAM  FOR  TRAFFIC  ASSIGNMENT 
RESEARCH,  Research  Report  R64-41,  Cambridge,  Mas&,M.I.T.:  Department  of  Civil 
Engineering,  (December  1964). 

2 

Charnes,  A.  and  V.w.  Cooper,  o£.  clt. 

Pinnell,  C.,  and  C.T,  Satterlv,  Jr.,  "Analytical  Methods  in  Transportation: 

Sv- terns  Analysis  for  Arterial  Street  Operation",  A.S.C.E,  JOURNAL  OF  THE 
ENGINEERING  MECHANICS  DIVISION  (December  19fcj)  pp.6J-95. 

Hershih  rfer,  A.M.,  OPTIMAL  ROUTING  Of  URBAN  TRAFFIC.  Ph.D.  Thesis, 

M.I.T.,  Cambridge,  Mas*.  I  !%.,»«•  I  f>V,. 

*  Uxntin,  T.A.,  "Minimum  Co-t  Mul  t  I-comwhIU  v  Network  Flow,"  ‘'PERATU'NS 
RESEARC  H,  Vol.  t4,  No.  I  (l1)**')  rr  l  • 
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The  actual  computer  implementation  of  normative  models  requires  a 

linear  programming  routine  capable  of  handling  a  potentially  large  number 

of  constraints;  or  alternatively,  it  must  have  the  capability  of  exploiting 

the  highly-structured  form  of  the  model  by  decomposing  the  problem  into 

more  tractable  subprograms. 

1 

Jorgensen  has  studied  both  classes  of  network  equilibrium  models, 
and  shows  that  for  the  uncongested  case  (rural  networks),  both  the 
descriptive  and  normative  solutions  give  the  same  flow  distribution  pattern. 

The  important  advantage  of  normative  models  lies  in  their  flexible 
handling  of  synthesis  problems,  since  the  intrinsic  nature  of  the  optimization 
problem  is  such  that  a  convenient  solution  technique  takes  care  of  the 
combinatorial  aspects,  and  provides  the  best  project  combination,  A 
substantial  amount  of  research  has  been  done  in  this  area  in  recent  years 
and  various  models  have  evolved  from  the  study  of  several  types  of  network 
improvements. 

The  technique  of  continuous  augmentation  of  capacity  on  existing  links 

2  3 

has  been  formulated  by  Garrison  and  Marble  and  by  Quandt;  In  the  latter 
model,  the  construction  cost  appears  as  a  budgetary  constraint,  rather  than 
as  part  of  the  objective  function  as  treated  by  Garrison  and  Marble, 

A  substantial  body  of  research  on  highly  combinatorial  improvement 

l. Jorgensen,  N.O.,  SOME  ASPECTS  OF  THE  URBAN  TRAFFIC  ASSIGNMENT  PROBLEM, 

Graduate  Report,  Institute  of  Transportation  and  Traffic  Engineering, 

University  of  Calif  Berkeley*  June  1963, 

•1 

Garrison,  W.L.,  and  D.F.  Marble,  "Analysis  of  Highway  Networks:  A 
linear  Programming  Formulation".  HIGHWAY  RESEARCH  BOARD,  Vol  37,  (1958)  PP.  1-17. 

*  Ouandt*  R.K.,  "Models  of  Transportation  and  Optimal  Network  Construction", 
JOURNAL  OF  REGIONAL  SCIENCE,  Vol.  2,  (i960,  pp.2'-4S, 
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problems  has  been  developed  at  MT'I  bv  Roberts  and  Funk,  Hershdorfer, 

Roberts,  Taborga,  Ichbia  and  Ochoa.  Hershdorfer  studied  the  optimal 

one-way  and  two-way  street  configuration  problem  by  extending  Charnes 

and  Cooper's  multicopy  network  model  by  an  ad  hoc  introduction  of  decision 

variables  into  the  model.  The  link  addition  problem  has  been  suitably 

formulated  by  Roberts  and  Funk  and  also  by  Hershdorfer  by  employing 

Dantzig's  scheme  of  introducing  decision  variables  in  the  upper-bounding 

coastraints  on  certain  links.  These  authors  treat  construction  costs 

as  part  of  the  objective  function.  Roberts  and  Funk  consider  rural 

network  improvement  subject  to  a  budgetary  constraint,  as  opposed  to 

Hershdorfer,  who  assumes  an  unlimited  budget  and  considers  congested 

networks.  The  authors  use  the  Land  and  Doig  branch-and-bound  algorithm 

2 

as  a  solution  method  for  the  link  addition  problem. 


I - 

Roberts,  P.O.,  and  M.L.  Funk,  TOWARD  OPTIMUM  METHODS  OF  LINK  ADDITION 
IN  TRANSPORTATION  NETWORKS,  Cambridge,  Mass.,  MIT,  Department  of  Civil 
Engineering,  (September  1964). 

Hershdorfer,  A.M.,  0£.  cit. 

Roberts  P.O.,  TRANSPORT  PLANNING:  MODELS  FOR  DEVELOPING  COUNTRIES,  Ph.D. 
inesis.  Department  of  Civil  Engineering,  Northwestern  University,  1966. 

lab ore a,  P.N.,  A  MODEL  TO  STUDY  AN  OPTIMAL  TRANSPORTATION  POLICY  IN  CHILE, 
Research  Report  R66-8,  Cambridge,  Mass.,  Dept,  of  Civil  Eng.,  MIT.,  (March  1966). 

Ochoa ,  0£.  cit. 

•> 

£ 

The  branch  and  bound  algorithm  developed  by  Ochoa  and  Silva  (op .  cit . ) 
for  descriptive  models  is  equally  applicable  to  the  new  link  addition 
synthesis  problem  when  normative  models  are  employed.  In  this  case 
the  subprograms  A  correspond  to  multicopy  network  flow  problems,  which 
can  hv  solved  by  means  of  a  decomposition-form  linear  programming  code. 
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Taborga^  extended  the  link  addition  problem  for  multimode  dis¬ 
tribution  of  many  commodities  over  a  general  transportation  network. 

He  considers  production  as  well  as  commodity  distribution, 

2 

Recently  Ridley  has  developed  a  comt  ..atorial  procedure  of  the 
branch  and  bound  type,  to  select  a  subset  of  links  in  which  a  fixed 
integer  budget  B  should  be  invested  in  order  to  minimize  the  total 
travel  time  in  the  network.  He  assumes  that  the  total  travel  time  on 
each  link  is  decreasing  function  of  the  investment  in  the  link.  His 
method  determines  the  subset  of  links  in  which  one  unit  of  investment 
should  be  made. 

The  simultaneous  optimal  node  and  link  selection  for  an  urban 

public  transportation  network,  subject  to  a  budgetary  constraint,  has 

3 

been  solved  by  Ichbiah  by  means  of  a  parametric  branch  and  bound 
technique.  His  method  Joes  not  directly  consider  flow  volumes  on  the 
proposed  network. 


1Taborga,  P.  N.,  A  MODEL  TO  STUDY  AN  OPTIMAL  TRANSPORTATION  POLICY  IN 
CHILE,  Research  Report  R66- 8 ,  Cambridge,  Mass:  Department  of  Civil 
Engineering,  M.I.T.  (March  1966). 

2Ridlev,  T.M.,  AN  INVESTMENT  POLICY  TO  REDUCE  THE  TRAVEL  TIME  IN  A 
TRANSPORTATION  NETWORK,  Operations  Research  Center,  ORC  65-34, 

University  of  Cali'ornia,  Berkeley,  December,  1965. 

^Ichbiah,  J.D.,  CONNECTIVITY  ANALYSIS  AND  BRANCH  AND  BX'ND  METHODS. 

Ph.D.  Thesis,  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts, 

August  196/. 
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The  set  of  models  described  above  study  network  improvements  for  a 
single  time  period  (base  year  to  target  year);  however,  in  a  more  realistic 
situation  the  budget  available  for  transportation  investments  is  commonly 
appropriated  in  a  multi-stage  manner.  Roberts’*-  studied  the  problem  of 
optimum  link  addition  for  the  last  time  period  and  then  presented  a 
way  to  determine  a  feasible  sequence  of  improvements  over  time  to 

achieve  optimality  of  the  last  time  period. 

2 

Ochoa  developed  a  multistage  or  intertemporal  model  to  determine 
the  optimum  plan,  namely  the  sequence  of  improvements  of  the  traffic 
network  which  minimizes  the  total  users'  cost  over  all  planning  periods. 

He  thoroughly  exploits  the  structure  of  the  model,  proposing  a  par¬ 
titioning  technique  for  the  solution  of  the  problem. 


^Roberts ,  P.O.,  TRANSPORT  PLANNING:  MODELS  FOR  DEVELOPING  COUNTRIES, 
Ph.D.  Thesis,  Department  of  Civil  Engineering,  Northwestern  University, 
1966 
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The  multistage  problem  seeking  to  minimize  total  users’  cost  plus 

construction  cost  in  the  absence  of  budgetary  constraints  has  been  studied 
1 

by  Bergendahl  .  He  determines  user  cost  for  a  given  network  configuration 
by  means  of  a  normative  model  (i.e,,  minimum  cost  multi-commodity 
problem),  and  the  best  investment,  as  a  recursive  process  by  dynamic 
programming. 

There  are  several  major  liabilities  to  these  mathematical  programming 
formulations.  The  linearity  assumptions,  although  modifiable,  may  be 
restrictive.  Second,  the  normative  flow  distribution  assumptions  may 
be  unacceptable  as  predictors  of  "true"  flows.  Third,  all  the  existing 
formulations  treat  demand  as  fixed;  incorporating  variable  demand 
(depending  upon  the  actual  levels  of  service  in  the  network)  may  not  be 
feasible.  Fourth,  mathematical  programming  techniques  for  search  have  a 
value  only  when  we  are  prepared  to  collapse  the  goal  fabric  into  a 
simple  statement  of  objective  function  plus  constraints.  Fifth,  the 
methods  become  computationally  expensive  for  problems  of  realistic 
size. 

These  liabilities  all  mean  that  mathematical  programming  may  never 
be  appropriate  as  the  general  search  tool,  but  may  be  very  useful  for 
suboptimization,  to  partition  the  general  search  space.  For  example,  for 
a  particular  mode,  we  could  select  from  a  large  number  of  speed,  vehicle 
size,  and  fleet  size  possibilities  those  which  are  efficient  combinations 
using  a  programming  formulation  (even  though  a  suboptimization),  and 
consider  these  as  potential  candidates  for  further  testing  in  selection. 

bergendahl,  C. . ,  "A  Combined  Linear  and  Dynamic  Programming  Model  for 
Interdependent  Road  Invistment  Planning",  MEMORANDUM  "SB,  Stanford, 
California:  Stanford  Unieersit".  (February 
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Similarly,  options  such  as  pricing,  highway  link  capacities,  etc.,  can 

be  compacted  into  a  small  set  of  desirable  alternatives  by  programming 

formulations.  Mathematical  programming  can  also  give  an  idea  of  the 

equitable  tolls  and/or  priority  schemes^,  because  these  models  are 

prescriptive  rather  than  descriptive.  One  advantage  of  the  mathematical 

programming  formulations  is,  of  course,  the  relative  ease  with  which 

the  objective  functions  can  be  varied  to  explore  the  tradeoffs  among 

2 

the  different  goal  variables. 

One  important  way  in  which  mathematical  programming  formulations 

3 

may  become  more  useful  is  through  network  aggregation.  With  appropriate 
aggregation  rules,  the  basic  detailed  network  can  be  collapsed  into  an 
approximate,  "aggregate"  network.  Then,  an  optimization  formulation  would 
be  used  within  this  aggregate  representation  of  the  network  to  find 
an  optimum.  The  result  would  then  be  translated  back  to  the  detailed 
level,  and  guide  a  more  detailed  search  procedure  at  that  level. 

To  summarize:  mathematical  optimization  techniques  are  seen  as 
useful  for  suboptimization  over  part  of  the  set  of  transportation  options. 

A  variety  of  optimization  formulations  may  be  useful  in  this  way.  However, 
the  solutionc  provided  by  optimization  models  will  only  be  starting 
points  for  more  detailed  exploration  of  the  alternatives. 


^Bivins,  David,  "Use  of  a  Normative  Model  in  Urban  Highway  Network  Operation 
and  Network  Improvement,"  oj?.  cit . 

2 

Schwartz,  desse,  "Production  and  Transport  Models  for  Regional  Planning", 
in  EQUILIBRIUM  MODELS,  Research  Report  R68-48,  Cambridge,  Mass.;  Dept,  of 
Civil  Engineering,  MIT,  (dune  1968). 

3 

See  Chapter  IV. 
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4.3  Search  with  Descriptive  Flow  Models 

The  normative  flow  models  are  more  amenable  to  algorithmic 
search  techniques;  that  is  why  there  is  relatively  more  work 
in  this  area  than  in  techniques  for  descriptive  flow  models.  The 
essence  of  the  problem  seems  to  be  that,  with  descriptive  flow  models, 
it  is  more  difficult  to  estimate  a  priori  which  change  in  the  particular 
network  is  most  likely  to  result  in  an  improvement.  Until  recently,  the 
only  approach  available  was  simply  to  try  a  number  of  changes  to  the 
network  explicitly.  Two  recent  areas  of  work  -  Ochoa's  branch  and 
bound  methods,  and  Loubal's  sensitivity  analysis  approach  -  suggest  fruit¬ 
ful  directions. 

Branch  and  bound  methods  operate  by  dividing  the  search  area  into 
mutally  exclusive  and  collectively  exhaustive  regions,  step  by  step, 
introducing  a  bound  on  the  objective  function  for  each  subregion.  As  we 
proceed  down  the  tree  of  successive  partitions  the  constraints  of  the 
problem  will  help  us  eliminate  certain  regions  as  infeasible,  thus  allowing 
us  to  prune  the  tree.  For  example,  the  link  addition  problem  can  be 
structured  as  a  branch  and  bound  problem  where  the  user  cost  is  the  objective 
function  and  capital  cost  is  used  as  the  constraint.  Certain  branches 
of  the  tree  corresponding  to  certain  combinations  of  links  will  be 

1 

infeasible  because  the  capital  cost  constrain:  is  exceeded.  Ochoa  and  Silva 
demonstrate  the  applicabilitv  of  this;  approach  for  a  descriptive  network  flow 
model. 
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This  technique  also  requires  that  the  designer  collapse  his  multivalued 
Koal  structure  into  two  independent  components,  one  of  which  describes 
infeasibilitv.  Thus,  as  other  optimization  formulations,  it  is  limited  in 
applicability.  This  technique  uses  the  logic  of  "direct  search"  where 
steps  are  taken  semirandomly,  and  the  search  can  be  stopped  at  any  stage 
before  teaching  the  optimum,  leaving  us  with  the  best  answer  so  far  and 
the  knowledge  about  its  "goodness".  (See  following).  Thus,  branch  and 
bound  also  suggests  a  search  strategy,  which  is  why  we  choose  to  treat 
this  approach  separately  from  other  optimization  formulations. 

One  of  the  limitations  of  using  the  descriptive  network  flow  models 
is  the  computation  involved  in  predicting  the  change  in  flows  resulting 
from  each  change  in  the  network.  A  change  in  one  part  of  the  network,  for 
example,  link  addition,  may  potentially  change  the  flow  characteristics 
over  a  large  part  cf  the  network;  a  network  flow  equilibrium  prediction  must 
be  carried  out  for  each  change  in  the  transportation  system.  Existing 
descriptive  flow  models  (such  as  traffic  assignment  models) do  not  give 
sensitivity  information  explicitly,  whereas  from  a  noimative  flow  model  - 
e.g.  a  linear  program  -  information  is  obtained  from  the  dual  variables. 

Loubal' s  link  augmentation  scheme ^ makes  sensitivity  analysis  compu¬ 
tationally  feasible  in  a  descriptive  flow  model  context.  By  considering 
only  the  first-order  impact  of  a  link  change  (addition  or  deletion), 

Loubal  presents  a  simple  model  to  estimate  changes  in  the  flow  character¬ 
istics  of  the  network,  without  goinR  through  a  complete  reassignment  of  flows. 


Loubal,  P.  S.,  "A  Tctvork  Evaluation  Procedure",  Highvav  Research  Record  205, 
Washington,  D.  C.  :  Highway  Research  Board  (1967),  See  also  Bluitt,  K.  I?., 
SEARCH  IN  TRANSPORTATION  i'LANNINC.;  A  CRITICAL  BIBLIOGRAPHY,  Research 
Report  R68-46,  Cambridge,  Mass.*  Dept,  of  Civil  Em-  ineeriug,  MIT,  (June  1968) 
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Briefly ,  the  algorithm  works  in  the  following  way.  For  a  proposed 
link  addition  (or  deletion),  the  process  deve' ops  two  new  minimum  path 
trees  from  the  end  points  of  the  project  link,  and  determines  which  of 
the  original  minimum  paths  will  change.  Then  the  evaluation  module 
uses  the  new  minimum  path  trees  to  calculate  changes  in  flow  characteristics 
over  the  whole  network.  This  appears  to  be  a  good  estimate  of  the 
characteristics  of  each  proposed  change. 

Loubal's  technique  may  be  very  useful  as  a  method  for  quick  evaluation 
of  small  changes  in  the  system,  using  the  realistic  descriptive  flow  models. 

A  combination  of  Branch  and  Bound  and  Loubal's  procedure  may  prove  especially 
useful. 

Another  fruitful  direction  for  search  with  descriptive  flow  models 

is  the  gereral  family  of  "direct  search"  techniques.  The  basic  logic  of 

1 

direct-search  is  "hill  climbing".  Beginning  with  any  arbitrarily  chosen 
starting  ooint,  small  changes  are  made  in  the  control  variables,  until  the 
best  set  of  small  changes  is  found.  This  becomes  a  new  "starting  point", 
and  another  cycle  of  explorations  of  small  changes  is  begun.  This  repeats 
until  a  starting  point  is  reached  from  which  no  further  improvements 
can  be  made.  This  is  the  optimum  -  which  may  be  local,  not  global.  The 
"hill-climbing"  image  arises  if  the  criterion  function  is  visualized  as 
describing  a  surface  in  a  space  defined  by  the  control  variables;  the  sequence 
of  successive  starting  points  traces  cut  a  path  to  the  top  of  a  "hill" 
corresponding  to  the  local  optimum  of  the  criterion  function. 

Most  of  the  direct-search  techniaues  are  variants  on  this  logic;  the 
real  Insights  and  power  come  with  the  design  of  the  exploratory  "small 
steps",  and  techniques  of  shifting  the  starting  point,  m  the  context  of 
particular  classes  of  problems. 


The  value  of  this  "direct  search"  model  is  that  it  suggests  a  very 


general  set  of  operations  foe  search.  Let  x  be  the  (vector)  set  of 
options  (control  variables) ,  and  y  the  (vector)  set  of  impacts  (goal 
variables) : 

1.  Basic  selection  operation;  Given  x*,  find  y*  =  f(x^)  and 
compare  with  y^(x^)  to  determine  which  is  preferred,  condi¬ 
tioned  on  a  goal  statement  G, 

2.  Generate  a  starting  point:  Generate  some  x°  -  may  be  at 
random,  or  may  be  related  to  some  goal  statement  or  past 
set  of  actions. 

3.  Generate  an  exploratory  move;  Generate  some  possible  "small" 
changes:  Ax^. 

4.  Generate  a  pattern  move:  Based  upon  past  successful  exploratory 
moves,  make  a  major  move  -  a  number  of  small  changes 
simultaneously,  for  example;  or  a  large  move  in  a  direction 
indicated  by  a  successful  small  change. 

5.  Shift  base  point:  Accomplish  necessary  bookkeeping  to 
actually  shift  base  point  to  a  new  x^ . 

6.  Strategy  Excision:  Decide  whether  to  make  an  exploratory 
move,  make  a  pattern  move,  generate  a  new  starting  point 

or  terminate;  if  options  within  these  classes  are  available, 
select  which  exploratory  move,  pattern  move,  or  starting 
point  generation  to  execute. 

In  the  simplest  versions  of  this  logic,  there  are  no  pattern  moves. 

If  x  is  a  Euclidean  space,  the  small  changes  Ax^  considered  may  be  unit 
changes  in  the  separate  components:  Ax^  ■  (Axt  »  0,  Ax  »  0,.,.  Ax^  -  1, 

...  Ax  ■  0) .  If  the  set  of  goals  G  is  simply  some  utility  function  such 

n  ” 

that  u(y)  is  a  scola-,  then  the  is  that  of  ■  "h  l  ll-o  UmMng" ;  from  a 

starting  point,  generate  small  stops  to  work  the  way  up  the  "hill"  of 

u{y(x)J  until  the  "peak"  -  maximum  u  -  is  found. 
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In  contrast  to  the  usual  discussions  of  direct  search  techniques, 
note  these  points  about  the  preceding  description: 

1.  we  did  not  make  any  assumptions  about  the  space  x»  or 
the  nature  of  the  "small  changes"  Ax^ ; 

2.  we  did  not  assume  the  goals  G  collapsed  into  an  objective 
function  and  set  of  constraints  on  only  that  the 
comparison  of  two  ^’s  could  be  made  and  a  preference 
ranking  R  established. 

Thus,  this  same  logic  can  apply  in  principle,  to  problems  in  which 
the  space  x  is  not  a  series  of  orthogonal  real  axes;  and/or  in  which  the 
goals  G  may  be  a  loosely-structured  set,  not  collapsible  into  a  utility 
function.  In  particular,  it  can  apply  to  search  with  descriptive  flow 
models,  and  with  multiple  goals,  not  just  user  cost  and  construction  cost. 
Of  course,  the  utility  of  this  approach  depends  on  how  it  is  done:  the 
specific  structuring  of  the  problem,  the  types  of  small  changes  and  pattern 
moves,  the  goal  variables,  etc:  the  art  is  in  the  doing. 

4.4  Heuristic  Search  ^ 

Many  example:',  of  heuristic  search  techniques  are  found  in  the 

literature.  In  practice,  for  example,  in  urban  transportation  studies 

network  location  and  design  have  been  mostly  intuitive.  The  papers  in  the 
2 

bibliography  show  how  various  abstract  patterns,  such  as  crystal  patterns 
(Mital),  and  grid  patterns  (Creighton  e_t  al^,  and  Satterly  and  Berry)  ean 
be  used  as  good  solutions  for  starting  points  in  further  exploration  of 

^ See  articles  bv  Marvin  Nlnskv  and  Arthur  Samuels  in  Feigenb.Him%Kdward  A., 
and  Julian  Feldman,  COMPUTERS  AND  THOUGHT,  New  York:  McGraw-Hill  (1963). 

a 
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alternatives.  All  the  papers  in  Fart  I  of  the  bibliography  discuss 
heuristic  search  procedures  which  partition  the  space  of  alternatives 
for  further  detailed  exploration.  Because  it  is  infeasible  to  consider 
and  analyze  all  possible  alternatives,  such  patterns  as  these* may  be 
reasonable  as  starting  points. 

The  term  "heuristic"  indicates  the  price  that  is  paid.  With  a 
mathematical  programming  formulation,  the  probability  is  one  that  an 
optimum  will  be  found  -  within  the  problem  as  defined.  With  direct 
search  techniques,  the  probability  is  significantly  less  than  unity  that 
even  a  local  optimum  is  found.  For  example,  when  we  select  a  particular 
street  pattern,  we  might  be  rejecting  the  one  that  may  have  proved  the 
best.  With  heuristic  techniques,  we  do  not  even  hope,  necessarily,  for 
local  optima,  but  simply  for  improvements  over  what  we  otherwise  might 
do : 

a.  The  probability  of  finding  the  "best"  solution  is  much  less  than 
one;  but, 

b.  we  attempt  them  because  they  seem  likely  to  work  or  have 
worked  well  in  the  past  -  and  we  do  not  have  anything  better. 

The  first  characteristic  implies  that  we  want  to  build  up  a  large 
repertory  of  heuristics.  Since  no  single  one  is  liable  to  work  out- 
Svandingly  by  itself,  we  want  to  have  a  number.  Thus,  we  try  a  heuristic; 
if  it  gives  an  improvement,  fine;  if  not,  we  try  another* 

the  second  characteristic  Implies  that  ve  dv  want  to  .  rv  to  keep 
truck  of  the  success  of  particular  heuristics.  This  requires  that 
we  Uarn  how  to  characterize  the  problems  r‘'a*  we  are  trying  to  solve 
and  then  try  to  correlate  the  characteristics  of  the  problem  with  the 
success  of  different  heuristic*.  Another  implication  is  that  we  can  trv 
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to  formulate  good  heuristics  _a  priori,  but  we  should  expect  to  get  insights 
into  really  effective  heuristics  only  by  "playing  with  the  problem"  end 
varying  options,  tracing  out  impacts,  and  trying  to  infer  relationships 
among  them. 

Heuristics  should  be  developed  to  address  each  of  these  types  of 
questions : 

(a)  Given  a  particular  set  of  options  and  their  impacts,  what 
are  some  small  changes  to  the  system  which  might  result 
in  some  improvement? 

(b)  How  can  the  effect  of  a  particular  change  be  estimated 
approximately? 

(c)  If  a  series  of  small  changes  have  been  relatively  successful, 
what  major  changes  along  the  same  lines  might  be  successful 
also? 

At.  seen  by  our  discussion  of  "direct  search",  these  questions  bear  strong 
relation  to  the  ideas  of  "exploratory"  moves  and  pattern  moves. 

One  aid  to  developing  good  heuristics  for  use  in  searching 

out  transportation  systems  alternatives  would  be  to  actually  systematically 

explore  various  combinations  of  options.  In  this  way,  the  most  significant 

relationships  can  be  identified,  and  "rules  of  thumb"  develop  =d.  For 

example,  in  the  prototype  analysis  experiments  the  relative  roles  of 

changes  in  fares  and  frequency  of  service  were  identified,  for  a  single 

link.  Based  upon  the  relationship  uncovered,  a  heuristic  routine  might 

be  designed  to  vary  fares  and  frequency  in  a  certain  proportion  on 

various  links  in  the  network.  Using  the  approach  of  direct  search, 

the  following  logic  might  ho  tested: 

(1)  0n«  bv  one,  scan  all  the  origin-destination  pairs  in 
the  network,  for  each  mode. 
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(2)  Exploratory  moves;  for  each,  using  an  approximate 
form  of  the  demand  and  resource  requirements  (cost) 
models,  compute  the  net  return  to  operator  revenue 
of  a  10%  (plus  or  minus)  increment  in  frequency  of 
service  t ogee her  with  a  corresponding  change  in 
fare  (to  keep  ridership  constant  -  as  indicated  by 
demand  model  parameters  and/or  prototype  analysis-like 
runs) . 

(3)  Pattern  move:  select  the  best  of  these  small  changes  - 
implement  several  simultaneously  as  a  pattern  move; 

ao  a  complete  network  equilibrium  prediction  and  check 
to  see  if  improvement. 

(4)  Decision  logic:  recycle  if  necessary. 

A  wide  variety  of  specific  heuristics  can  be  proposed; 
they  must  be  tested  in  the  context  of  a  particular  transportation  systems 
problem. 


4 . 5  Netwo rk  Aggregation 

One  particularly  promising  direction  of  work  is  that  of 
"network  aggregation".  This  is  an  application  of  the  concept  of 
hierarchical  structure  ,  The  basic  transportation  problem  being  studied 
may  invclv  large  detailed  network .  To  do  an  equilibrium  computation 
and  evaluation  of  the  'ur-aets  for  one  particular  set  of  options  in  such 
a  network  may  be  a  computationally  expansive  proposition.  Thus,  exploration 
of  a  large  number  of  sets  of  options  may  be  uneconomical.  However,  it  may 
be  possible  to  construct  a  gross  representation  of  the  network,  which  although 
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imprecise,  is  sufficiently  accurate  for  exploration  of  a  broad  range  of 
transportation  system  options. 

In  other  words,  in  constructing  a  gross  representation  of  the 
problem,  we  sacrifice  accuracy  for  increased  economy  and  feasibility  of 

analysis.  Of  course,  the  essential  issue  is  the  quality  of  the  gross 

representation  of  the  detailed  system. 

In  order  to  aggregate,  an  initial  estimate  of  the  equilibrium 

point  is  required.  The  initial  estimate  of  equilibrium  can  be  obtained 

in  two  ways: 

(i)  by  estimating  by  the  transportation  analyst; 

(ii)  by  performing  an  actual  equilibrium  flow  prediction 

on  the  detailed  network. 

The  more  accurate  the  initial  estimate,  the  better  the  aggregation,  because 
one  needs  to  use  the  initial  estimate  of  equilibrium  to  get  an  aggregate 
network . 

An  aggregation  rule  is  a  procedure  for  constructing  a  gross  network 
from  a  detailed  one.  Given  an  aggregation  rule,  the  following  approach 
to  search  may  be  fruitful: 

a.  Construct  a  model  of  the  deta..led  network  (probably  the 
existing  system  with  a  rich  family  of  possible  additions). 

b.  Apply  a  particular  aggregation  rule  to  obtain  &  gross 
representation  of  the  network, 

c.  Conduct  search  in  the  gross  network  until  one  or  several 
desirable  systems  are  identified, 

d.  Using  the  desirable  gross  networks  as  a  guide,  develop 
corresponding  decal  ed  networks;  test  these  at  the  detailed 
level , 

Such  an  approach  might  he  particularly  fruitful  In  conjunction  with 
mithematical  programming  or  branch  and  bound  techniques. 


2ri2 


A . b  Search  in  the  Face  of  Uncertainty 

In  general,  the  decision  -  maker  not  only  has  the  option  of 
immediate  actions  -  particular  transportation  system  changes  -  but  also 
of  deferring  implementation  of  an  action  in  order  to  acquire  more 
information  about  the  problem.  For  example,  if  there  is  a  great  deal 
of  uncert.-  Intv  about  demand,  it  might  be  more  efficient  in  the  long 
run  to  delay  construction  of  a  new  system  for  a  period  in  order  to 
collect  sufficient  information  to  reduce  this  uncertainty.  There  usually 
are  several  alternative  ways  of  collecting  information,  too  -  for  example, 
traffic  counts,  origin-destination  surveys,  etc.  Thus  the  more  general 
problem  has  two  basic  sets  of  alternatives:  immediate  actions  (such  as 
highways),  or  actions  which  involve  first  collecting  additional  data, 
and  then  making  a  choice  among  "immediate"  actions. 

Statistical  decision  theory  is  particularly  appropriate  for  this 
1 

more  general  problem.  Such  data  collection  programs  as  origin  and 
destination  surveys  or  traffic  count  programs  can  be  evaluated  not  only 
in  terms  of  cost  but  also  in  terms  of  their  role  in  reducing  uncertainty. 
Then,  the  decision  as  to  which  kinds  of  data  collection  programs  to 
conduct  can  be  based  upon  a  careful  economic  calculation.  In  such  a 
calculation,  the  costs  of  defering  action  and  of  data  collection  are 
balanced  against  the  "costs"  of  uncertainty  if  action  were  taken  immediately. 
Pioneering  work  in  applying  statistical  decision  theory  to  transportation 
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1 

data  collection  has  been  done  by  William  F.  Johnson. 

An  even  more  general  formulation  is  that  of  a  sequential  decision 
process.  There  are  significant  time  lags  in  implementation  of  transportation 
systems  alternatives.  It  takes  at  least  seven  years  to  plan,  design,  and 
construct  a  new  highway.  The  "comprehensive  mass  transit  and  expressway 
plan"  for  1985  is  not  implemented  instantaneously,  but  as  a  series  of 
stages.  Meanwhile,  the  world  continues  to  change:  transportation  planning 
takes  place  in  a  context  of  continuous  change  in  demand,  in  technology 
and  in  goals. 

Transportation  planners  need  to  deal  with  strategies;  each  alternative 

strategy  is  composed  of  a  sequence  of  actions  staged  over  time.  For 

example,  consider  a  twenty-year  comprehensive  metropolitan  plan. 

Such  a  transportation  plan  might  be  divided  into  five  fout-year  stages. 

Each  stage  might  consist  of  several  actions  -  particular  highway  links, 

\ 

transit  extensions,  data  collection  activities,  community  decision  points, 
etc.  We  can  expect  that  by  the  end  of  the  first  four-year  period, 
things  will  have  changed.  Demand  patterns  will  have  changed;  new  tech¬ 
nologies  will  have  been  developed,  or  problems  or  advantages  in  existing 
technologies  will  have  been  uncovered;  goals  and  aspirations  will  have 
changed;  data  collection  activities  will  have  produced  new  information. 

We  will  have  learned  more.  Conditions  will  have  changed  and  therefore, 
at  the  end  of  the  first  stage,  the  strategy  consisting  of  a  sequence 
of  stages  whould  be  reviewed  and  possibly  revised.  If  change  has  been 
relatively  minor,  the  actions  to  be  implemented  in  the  following 
stages  ot  the  strategy  may  stay  the  same;  more  likely,  however,  the 


Johnson,  William  K. ,  DECISION  THEORETIC  TECHNIQUES  K'k  i  s  r'OKMA  ’  ON 
At'ClSITlON  IN  TRANSPORTATION  Nl'tWORK  FEANS  INC ,  Sc. I',  Thesis,  Research.  Honor  *. 
Rh9-1.  Cambridge.  Mass:  Department-  of  Civil  Engineering.  M.!.r. 
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1  ater  stages  of  the  plan  will  be  revised  because  of  the  changing  world. 

To  have  an  effective  continuous  planning  process,  we  need  to  concieve 
of  our  transportation  systems  plan  as  a  sequence  of  staged  actions;  at 
the  conclusion  of  each  stage,  we  must  open  the  door  again  to  review 
and  analysis  of  what  the  succeeding  stages  must  be,  based  upon  new 
information  and  the  results  of  the  preceding  stages. 

A  formal  basis  for  this  "continuous  planning  process"  is  provided 

by  the  sequential  decision  model.  At  each  stage,  the  set  of  actions  includes 

not  only  "immediate"  actions  (e.g.  highways)  but  also  information-collection 

actions  (e.g.  traffic  survey).  The  optimal  strategy,  or  sequence  of 

actions  can  then  be  determined.  In  principle,  the  logic  of  this 

calculation  is  straightforward,  but  in  practice,  in  transportation,  it 

1 

is  complicated  by  a  number  of  factors  .  First,  there  is  generally  a  large 
number  of  combinations  of  actions  and  events.  Second,  the  probabilities 
at  different  stages  of  the  decision  tree  are  different,  because  information 
is  acquired  at  different  stages,  and  the  information  depends  upon  which 
actions  were  taken  at  earlier  stages.  Third,  the  utilities  at  future 
periods  are  different  from  the  utilities  at  the  initial  stage.  Fourth, 
and  perhaps  most  significant,  to  evaluate  the  utility  at  any  point  in 
the  decision  tree  may  require  running  a  complex  simulation  model,  such  as 
the  urban  transportation  package  (or  other  network  equilibrium  prediction 
models).  Clearly,  this  is  impractical  for  several  hundred  points  in  the 
tree.  Therefore,  in  order  to  apply  the  sequential  decision  process 
model  to  transportation  planning,  it  is  necessary  to  develop  special 


Relatively  tractable  techniques  exist  for  standard  statist!  a l  processes 
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techniques  adapted  to  the  transportation  problem.  Research ^  has  begun, 
to  develop  practical  techniques  for  treating  transportation  planning 
as  a  sequential  decision  process  in  the  face  of  uncertainty. 

One  of  the  advantages  of  this  sequential  decision  process  formulation 
is  that  it  places  the  role  of  experimentation  in  the  transportation 
planning  process  in  perspective.  There  is  a  variety  of  information¬ 
gathering  experiments  possible.  For  example,  demonstration  programs 
such  as  in  mass  transit  or  high  speed  rail  transportation  are  experiments 

to  get  information  about  demand  as  well  as  technology  performance. 

2 

It  is  essential  to  analyze  such  experiments  explicitly;  they  are  as 
important  a  part  of  the  set  of  transportation  planning  options  as  the 
construction  of  new  highways,  or  new  transit  lines  or  other  "physical" 
facilities.  The  sequential  decision  process  model  of  transportation 
planning  emphasizes  this  perspective  by  including  explicitly  such  in¬ 
formation  gathering  activities,  as  well  as  "physical"  actions,  in  the 
context  of  staged  strategies. 


~1 - — 

Pecknold ,  Wayne  M.,  THE  EVALUATION  OF  TRANSPORT  SYSTEMS:  AN  ANALYSIS 
OF  TIME-STAGED  INVESTMENT  STRATEGIES,  Ph.D.  dissertation  in  process. 

2 

See  further  William  L.  Hooper  "  fransport.il  i  on :  burden  or  blessiiV:'.  to 
the  urban  environment,"  TRANSPORTATION  RESEARCH  2:2  (June,  1 9t»S> . 


In  the  preceding  section,  we  identified  a  rich,  but  far  from  exhaustive, 
family  of  specific  operational  technioues  for  searching  out  partial 
improvements  in  the  alternative  transportation  svstems  previouslv  generated. 
These  techniques  represent  ''building  blocks."  Dramatic  advances  in  search 
procedures  will  prcbablv  be  achieved,  not  so  much  by  the  design  of 
building  blocks,  but  bv  the  way  several  such  modules  are  related  to  form 
flexible  search  strategies 

Two  basically  different  approaches  to  developing  search  technioues 
could  be  followed : 

(a)  attempt  to  develop  a  single  search  procedure  which  weuld  explore 
all  the  options  to  find  the  "best"  svstem  alternative: 

(b)  develop  a  series  of  relativelv  specialized  seatch  Procedures 
which  explore  subsets  of  options,  and  develop  technioues  for 
using  these  in  a  coordinated  wav. 

The  essence  of  the  problem  is  this: 

(1)  there  are  a  large  number  of  options  to  be  manipulated,  and  a 
large  number  of  impacts  to  be  evaluated; 

(2)  detailed  evaluation  of  the  impacts  requires  the  full  set  of 
network  eoui  librium  prediction  mule  Is; 

{ }  "•>  search  technique  now  exists  for  exploring  all  options  simul¬ 

taneously  with  prediction  of  all  impacts  via  network  euiilihriur: 
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(4)  if  all  options  except  a  relatively  few  are  held  fixed,  and  all 
impacts  are  either  treated  as  constraints,  ignored  temporarily, 
or  collapsed  into  a  single  objective  function,  then  the  relatively 
powerful  techniques  surveyed  above  can  be  used  to  search  out 
alternatives:  for  example  a  variety  of  mathematical  programming 
formulations  can  be  used  for  various  problem  formulations. 

Therefore,  approach  (a)  -  development  of  a  single  general  search  technique  - 
seems  far  less  promising  than  approach  (b)  -  development  of  a  specialized  search 
procedures  and  techniques  for  their  use. 

We  will  define  a  search  strategy  as  a  set  of  one  or  more  specific 
search  modules  (e.g.  a  particular  linear  programming  formulation),  plus 
procedures  for  using  the  modules.  These  procedures  may  be  simplv  "rules 
of  thus::  suggesting  when  the  technique  in  a  particular  module  may  be 

useful :  or  may  be  so  carefully  structured  a  logic  as  to  be  implemented 
in  a  computer  program. 

The  general  method  of  "direct  search,"  as  described  above  in  section 
4.3  suggests  a  family  of  search  strategies.  Each  such  strategy  would 
have  specific  modules  for  generating  a  starting  point;  for  generating  and 
evaluating  exploratory  moves-  for  generating  pattern  moves:  for  shifting  the 
base  point  and  determining  the  strategy  decision. 

1  r 

Other  search  strategics  have  been  proposed  bv  Simnson  and  Nutter. 

Each  of  these  strategies  consists  of  a  mixture  of  modules.  Some  modules 


Simpson,  R.  W. ,  COMPUTEKi-Stu  MODULE  CGNCTRL'CTIAN  TO".  AN  ,'tpi  TW 
TRANSPORTATION  SYSTEM .  Technical  Report  FT-66-3,  Cambridge.  Mass:  Plight 
Transportation  Laboratory,  M.I.T.  (November  1966) 

Nutter,  Robert  1'..  "An  Alternative  generation  proedduro  for  the  NECTP 
Model  Svstem."  I'n  uhlished  Working  Paper  WP-1568.  the  MITRE  Coreor.  ion 
(Mav  n.  1968). 
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are  optimization  routines^-  others  are  heuristie.  The  strategies  them¬ 
selves  begin  bv  holding  some  options  constant,  then  exploring  others  - 
for  example,  estimate  demands  (trip  matrix)  based  upon  future  land  use 
and  optimistic  levels  of  service:  then  holding  demands  fixed 
proceed  to  manipulate  networks  and  vehicle  assignments  to  routes  and 
schedules,  to  minimize  measures  of  transportation  system  cost, 

A  third  type  of  strategy  was  proposed  by  Bruck,  Manheim.  and 
1 

Shuldiner  :  the  use  of  explicit  multi-level  (hierarchical)  structure. 

In  this  approach  the  space  of  alternatives  would  be  progressively  narrowed 
down  through  doing  search  and  selection  at  several  different  levels  of 
abstraction.  The  work  in  network  aggregation  (see  Chapter  IV,  Section  6.0) 
was  begun  to  explore  this  approach. 

A  wide  variety  of  such  strategies  can  be  suggested.  However,  it 
is  not  possible  at  this  stage  to  indicate  which  are  the  most  fruitful 
approaches.  Rather,  what  is  required  is  a  broad  program  of  research  and 
experimentation  tot 

(1)  develop  specific  techniaues,  as  search  modules; 

(2)  design  and  implement  specific  search  strategies,  and  test 
in  the  context  of  prototype  problems, 

Since  it  is  not  clear  which  specific  modules  or  strategies  will  be 
most  useful,  or  even  most  promising, 

(1)  the  research  should  be  exploratory 

(2)  a  basic  search  environment"  shot!1'*  Hoveloned  in  which  a 
variety  of  techniques  can  be  operated  hi  comparable  manner. 

Bruck.  Ilenr'-  W.  ,  Marvin  I,.  Manheim  and  Paul  Shuldiner,  TRANSPORT  SYSTEMS 
PLANNING  AS  A  PROCESS :  THE  NORTHEAST  CORRIDOR  EXAMPLE,  Professional  Pap.-r 
i'67-23.  Cambridge,  Mass.:  Department  of  Civil  Engineerin’,  M.l.T.  (!967) 

Vo  Jure  .’.111  of  a  sol  ies. 
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Such  a  "search"  environment  might  be  a  single  computer  software  system, 
or  simply  a  standard  specification  of  input  and  output  formats. 

The  general  characteristics  of  such  a  search  environment  are  suggested 
in  section  6.3. 

In  closing  this  discussion,  it  is  useful  to  emphasize  the  human 
role  in  the  search  process,  by  describing  a  hypothetical  sequence  of 
planner  interactioas  with  computerized  procedures.  The  following  might 
be  a  typical  sequence  in  an  on-line  computer  environment  in  which  the 
transportation  planner  can  sketch  his  networks  on  a  television-screen 
type  graphic  display: 

(a)  The  planner  sketches  one  or  several  basically  different  network 
corif  igurations; 

(b)  The  computer  generates  with  a  semi-random  search  model  a  small 
number  of  minor  variants  on  each  of  the  major  themes: 

(c)  The  planner  eliminates  some  of  these  variants  as  probably 
uni eal istic ; 

(d)  The  computer  then  uses  a  mathematical  optimization  routine 
to  identify  relatively  optimal  link  capacities  and  service 
schedules  and  prices  for  each  of  the  network  configurations, 

(e)  The  planner  then  selects  a  relativelv  small  number  of  the  proposed 
system  designs  and  inputs  them  to  a  detailed  simulation  model 

{,,,  CJ ic tir.g  on.anKfi..m):  based  upon  the  results  of  the 

simulation,  he  may  modify  or  eliminate  the  alternative  examined: 
and  recycle  or  terminate. 

'stairs,  Sonia.  "Selecting  a  traffic  network. 

AND  POL i OY  II:-’  (May  1963) 
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,i.  TRANS ”ORT  ECONOMICS 


Thus,  a  rich  variety  of  search  techniques  of  different  types  may 
prove  more  efficient  as  a  system  than  any  single  technique  used  alone 
Furthermore,  the  judgment  of  the  analyst  can  and  should  play  a  strong 
role  throughout  the  search  process. 
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6.0  Conclusions  and  recommendations  -  Search: 


6.1  General  Conelusions 


The  search  problem  is  the  following:  given  a  number  of  previously 
generated  actions  and  their  consequences,  and  a  statement  of  goals  or 
desirable  directions  to  go  in  improving  the  impacts  cf  these  actions, 
what  values  of  the  decision  options  will  achieve  the  desired  levels  or 
directions  of  change?  For  example,  if  we  want  to  decrease  travel  time 
without  decreasing  operator  revenue  how  do  we  change  the  system? 

There  are  a  variety  of  search  techniques  available.  If  we  make  some 
fairly  drastic  simplifications  in  the  problem,  we  can  apply  such  powerful 
techniques  as  mathematical  optimization,  Including  linear  programming, 
dynamic  programming,  and  other  techniques  based  on  calculus.  Alternatively, 
direct  search  or  other  hill  climbing  approaches  may  be  used,  as  well 
as  heuristic  search  techniques  such  as  branch  and  bound,  Loubal's 
sensitivity  procedure  and  network  aggregation. 

There  does  not  seem  to  be  any  specific  search  technique  which  will 
be  the  technique  to  use  in  all  transportation  systems  problems. 

None  cf  the  analytical  search  techniques,  such  as  mathematic?1  -tmi  zat  ion. 
are  yet  computationally  feasible  for  large  real-world  transportation  systems, 
however,  It  should  be  fruitful  to  use  these  techniques  as  modules  In 
larger  search  strategies. 

Network  aggregation  may  be  particularly  useful  in  making  effective 
use  of  optimization  techniques.  In  this  approach,  an  aggregate  representation 
of  the  particular  detailed  transportation  system  under  study  would  be 
constructed  using  a  particular  aggreg.it  Ion  rule.  The  result  of  a  pel-  in- 


this  aggregation  rule  would  be  a  formulation  of  the  problem  aoprorria:, 
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some  mathematical  optimization  technique.  This  mathematical  optimization 
technique  would  than  be  L.sed  within  the  context  of  the  gross  representation 
of  the  problem  to  find  an  optimum  (as  narrowly  defined).  The  results 
of  this  process  would  then  be  translated  '’ack  to  the  detailed  level.  Thus, 
mathematical  optimization  formulations  and  other  analytical  search  tech¬ 
niques  may  be  useful  in  the  context  of  a  broader  search  strategy  via  the 
concept  of  network  aggregation. 

We  conclude  that  a  rich  variety  of  search  techniques  of  different 
types  may  prove  more  efficient  as  a  system,  as  modules  of  starch  strategies, 
than  any  single  technique  used  alone.  Development  of  both  spediric 
techniques  and  search  strategies  is  important. 

The  judgement  of  the  analyst  can  and  should  play  a  strong  role 
throughout  the  search  process.  Therefore,  it  is  appropriate  to  develop 
a  variety  of  different  search  techniques,  as  well  as  a  flexible  environ¬ 
ment  in  which  they  can  be  used,  such  as  an  on-line  computer  environment 
with  graphic  display.  Our  conclusions  about  the  desired  capabilities  of 
such  an  analysis  environment  are  summarized  in  the  next  section. 

6,2  Recommendations:  Search  Techniques: 

A  comprehensive  balanced  program  of  research  should  be  conducted 
to  develop  and  test  a  variety  of  specific  search  techniques.  Research 
should  continue  in  the  development  of  various  mathematical  programming 
formulations,  with  the  objective  of  increasing  computational  efficiency 
of  present  algorithms  as  well  as  development  of  new  algorithms.  Research 
should  be  conducted  to  exploit  the  ideas  of  direct  search  techniques  and 
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their  applicability  to  transportation  analysis.  A  wide  variety  of 
opportunities  exist  for  development  of  heuristic  search  techniques,  such 
as  network  aggregation,  pattern  recognition  and  other  approaches.  This 
may  be  an  extremely  fruitful  area  in  the  short-run  and  the  experiments 
necessary  to  develop  and  test  heuristic  techniques  should  provide  power¬ 
ful  insights  for  avenues  of  development  of  efficient  direct  search  and 
mathematical  optimization  techniques. 

While  research  in  a  variety  of  specific  search  techniques  is  important, 
it  is  also  important  to  try  to  develop  overall  strategies  for  using  a 
number  of  search  techniques  in  concert,  in  the  context  of  particular 
substantive  transportation  systems  problems.  Research  should  continue 
in  the  area  of  developing  such  search  strategies,  for  example:  alternative 
multi-level  approaches;  and  approaches  that  utilize  network  aggregation 
and  approximations  for  evaluating  and  discriminating  among  alternatives 
in  the  initial  stages. 

6.3  Recommendations:  Specification  of  a  Transportation  Search  Environment 
The  discussions  in  the  preceding  sections  can  be  viewed  in 
part  in  terms  of  the  implications  for  a  single  analysis  "environment”  for 
searching  out  and  ohoosina  amona  transportation  systems  alternatives.  Such 
an  analysis  environment  should  have  the  following  capabilities: 

1.  Repertory  of  prediction  models:  A  basic  set  of  prediction  models  should 
be  provided  in  which  there  is  at  least  one  model  for  accomplishing  each 
of  the  basic  functions:  supply  ("technology"),  demand,  network  equil¬ 
ibrium,  resource  requirements,  and  demand  shifts;  and  evaluation. 

i 

2,  Technology  models:  There  should  be  at  least  one  model  capable  of  { 

! 

representing  transfer  lot  ion  technologies  in  ceneral,  .is  well  as  specific 
models  for  particular  technologies  ("modes") .  There  novels  should  take 
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as  input  specification  of  options  such  as  station  spacing,  stop  time, 
vehicle  size,  number  of  vehicles,  link  characteristics,  cruise  speed, 
acceleration-deceleration  rates,  and  other  critical  variables.  The 
models  should  be  so  designed  as  to  allow  parametric  variations  to  trace 
out  supply  and  resources  functions.  Such  models  should  be  provided  for 
mode  interfaces  (terminals)  as  well  as  for  line-haul  and  access  links. 

Where  possible,  corresponding  search  procedures  should  be  provided, 
which  would  take  as  input  specification  of  desired  service  and  resource 
requirements  levels,  and  produce  as  output  values  of  the  options. 

3.  Network  equilibrium  models:  Alternative  procedures  for  predicting  net¬ 
work  equilibrium  should  be  provided.  In  particular,  there  should  be 

at  least  one  which  is  "descriptive,"  such  as  the  traffic  assignment 
approach;  as  well  as  one  which  is  prescriptive,  and  thus  useful  as  a 
search  procedure,  such  as  a  network  synthesis  formulation.  Network 
data  management  capabilities  should  be  provided  for  extracting  from  the 
primary  data  base  data  appropriate  for  input  to  the  predictive  model  (s), 
and  to  alternative  mathematical  optimization  formulations.  (Initially, 
TRANSET  II  or  a  modified  version  could  be  assumed  as  the  basic  predictive 
model.  Several  alternative  optimization  formulations  could  be  specified 
for  execuiiuu  by  OFTECH  (the  optimization  subsystem  of  ICES),  and  the 
interface  between  TRANSET  and  OPTECH  worked  out  to  accomplish  this), 

4.  Interface  between  technology  and  network  equilibrium  models:  The 
network  models  (whether  predictive  or  prescriptive)  require  specification 
of  cost  and  servlet  characteristics  in  a  variety  of  particular  forms. 
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These  characteristics  are  produced  by  the  technology  (services  and 
resource  requirements)  models.  Procedures  should  be  provided  for  inter¬ 
preting  the  results  of  technology  models  to  produce  service  and  resource 
requirements  relationships  (as  functions  of  volumes)  for  input  to  alter¬ 
native  network  equilibrium  models.  (Initially,  these  interfaces  should 
be  worked  out  for  a  particular  set  of  models,  such  as  TRANSET  II  and 
CPTECH  formulations.  Later,  -lore  general  capabilities  can  be  provided.) 

5.  Reference  data  base:  There  should  be  one  basic  reference  data  base, 
comisting  of  all  transportation  and  activity  system  data,  including 
network  and  other  options.  Where  parts  of  this  data  are  required  in 
different  form  for  use  in  a  particular  search,  prediction  and/or 
evaluation  model,  an  appropriate  "working"  data  base  should  be  constructed 
as  needed. 

fe.  Data  management  capabilities:  Pasic  data  management  capabilities, 
st  ch  as  file  manipulation  (editing,  deletion,  extraction,  split,  sort,  merge, 
print,  list,  etc.)  should  be  provided.  Specific  transportation-oriented 
capabilities  are  also  required.  Appropriate  techniques  should  be  provided 
for  constructing  working  data  bases  from  the  reference  data  base  with 
minimal  user  intervention  -  for  example,  techniques  for  going  from  the 
basic  data  base  to  several  alternative  programming  formulations.  As 
a.tother  example,  the  following  capabilities  for  managing  network  data 
should  be  provided: 

(a)  extraction  of  one  or  more  sub-networks  from  within  the  network 
for  specific  analyses; 

(b)  construction  of  approximate  or  aggregate  networks  with  less 

detail  but  approximate!*'  the  same  characteristics  as  the  | 


reference  network- 
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(c)  merging  of  two  or  more  networks  Into  a  single  network  (with 
appropriate  consistency  and  completeness  checks); 

(d)  partitioning  of  networks  into  subnetworks  by  geographic  area, 
by  functional  classification,  and  by  other  criteria;  as  well 
as  to  increase  computational  efficiency. 

7.  Evaluation:  A  variety  of  evaluation  procedures  should  be  provided, 
such  as  benefit-cost  and  goal-fabric  techniques.  At  an  early  stage,  a 
basic  goal  fabric  structure  should  be  provided,  with  appropriate  evaluation 
routines,  so  that  outputs  from  TRANSET  II  and  from  the  various  OPTECH 
formulations  will  produce  valuation  information  in  the  goal  fabric. 

8.  Search:  A  variety  of  search  procedures  should  be  provided.  A 
variety  of  heuristics  should  be  programmed  as  modules;  some  of  these 
heuristics  should  generate  small  system  changes,  while  others  may  be  used 
to  infer  direction  for  major  changes  from  past  small  changes.  Alternative 
search  strategies  should  also  be  programmed,  such  as  direct  search, 
multi-level  and  time-staging  approaches.  These  strategies  should  be  so 
designed  that  alternative  heuristics  can  be  ’’plugged  into"  the  broader 
strategy. 

9.  Data  Organisation;  A  basic  data  organization  capability  should  be 
provided  for  keeping  track  of  a  large  number  of  "runs"  of  the  models. 

The  capability  would  enable  the  analyst  to  look  at  the  full  history 

of  runs  and  organise  the  imoraation  produced  in  ways  meaningful  to  his 
decision  issues.  For  example,  as  envisioned  in  DODO,  there  should  be 
a  capability  to  subset  or  partition  the  set  of  runs  into  classes  according 


to  various  criteria.  This  would  allow  construction  of  isoquants  or 
isocontours  for  various  quantities. 


6.4  Recommendations:  Next  Steps  (Priority  Tasks) 

A  number  of  specific  tasks  can  be  identified  which  are  important 
to  begin  immediately.  Some  of  these  constitute  continuation  of  develop¬ 
ments  initiated  by  the  present  research  project. 

(1)  Develop  more  adequate  transportation  technology  models  to  be 
used  for  predicting  level  of  service  and  resouree  requirements. 

(2)  Develop  improved  network  equilibrium  models,  exploring  alter¬ 
native  formulations  for  computing  equilibrium.  Extend  present 
equilibrium  models  to  incorporate  supply-demand  equilibrium 
over  multiple  time  periods. 

(3)  Design  a  single  basic  reference  data  base,  from  which  working 
data  bases  would  be  extracted  for  input  to  TRANSET  and  to  various 
optimisation  formulations. 

(4)  Develop  an  initial  set  of  useful  optimisation  formulations.  Work 
out  the  Interface  between  TRANSET  and  OPTECH  to  implement  these 
formulations  to  try  to  identify  appropriate  uses  of  mathematical 
optimisation  in  a  network  context.  In  particular,  attempt  to  develop 
mathematical  programming  formulations  which  believe  similar  to 
descriptive  flow  (e.g.  traffic  assignment)  models, 

(5)  Continue  experiments  with  network  aggregation  techniques.  Program 
a  numboi  of  network  aggregation  procedures,  and  test  these  on 

the  Nortneast  Corridor  network  and  o the networks,  to  determine 
their  properties. 

(6)  Develop  and  test  one  or  several  explicit  multi-level  structures  of 
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Che  transportation  process.  Initially,  develop  a  three-level 
model,  and  as  experience  is  acquired,  proceed  to  develop  a 
variety  of  alternative  multi-level  structures. 

(7)  Implement  "goal-fabric"  concepts  in  conjunction  with  TRANSET. 
Experiment  with  goal  fabric  analysis,  in  coordination  with 
benefit-cost  and  other  traditional  choice  techniques  to  evaluate 
the  feasibility  and  utility  of  goal  fabric  procedures. 

(8)  Develop  differential  impact  analysis  techniques,  for  explicitly 
tracing  out  the  potential  impacts  of  transportation  alternatives 
on  different  groups. 

(9)  Develop  a  capability  for  understanding  the  results  of  a  number 
of  runs  of  the  model  system,  along  the  lines  of  DODO  (Decision 
0  riented  Da  ta  Organizer) . 

(10)  Conduct  experiments  with  real  and  hypothetical  networks  to  try 

to  Identify  how  specific  types  of  systematic  changes  in  the  systems 
will  impict  on  particular  goal  variables  and  consequences. 

(11)  Develop  techniques  for  making  inferences  about  desireable 
search  directions.  Formulate  and  test  "pattern  recognition" 
approaches  to  try  to  identify  appropriate  directions  for  modifying 
a  particular  transportation  system  alternative  in  order  to  improve 
on  it  in  respect  to  some  subset  of  goal  variables. 

(12)  rormulate  and  test  a  variety  of  heuristic  search  procedures  as 
search  techniques. 

(13)  Continue  experiments  ir  developing  procedures  for  finding  desireable 
time  stagings  of  investments  in  transport  facilities;  in 
particular,  emphasise  the  flexibility  of  initial  decisions  in 
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their  ability  to  achieve  many  good  target  year  plans  while 
accounting  for  basic  uncertainties  in  demand  and  technology. 

(14)  Continue  development  of  remote  processing  interactive  and 
batch  computer  environments  for  doing  transportation  search. 

(15)  Continue  development  of  graphic  display  techniques  (scope 

and  plotter)  for  visualizing  the  structure  of  the  transportation 
problem.  Including  development  of  alternative  forms  of  representing 
systems  and  their  impacts. 

(16)  Develop  the  use  of  demand  models  as  guides  to  search,  such 
as  through  the  use  of  tradeoff  ratios  based  upon  demand 
parameters. 

(17)  Implement  the  Loubal  algorithm  in  conjunction  with  Branch  and 
Bound  as  a  link  addition  technique. 


CHAPTER  VI 

SUMtuw  ^  CONCLUSIONS.  REC EMENDATIONS  AND  OTHER  RESULTS 
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0  Introduction 

The  results  of  this  research  project  fall  into  three  major  groups: 

1.  Conclusions  -  about  the  nature  of  the  transportation  systems 
analysis  problem  In  general,  and  about  the  issues  of  search¬ 
ing  out  and  choosing  among  transportation  systtirs  alternatives 
in  particular.  As  iart  of  the  development  of  these  con¬ 
clusions,  a  prototype  analysis  was  conducted. 

2.  Re . ommenda t ions  -  for  a  program  of  methodological  research 
in  searching  out  and  choosing  among  transportation  systems 
alternatives,  including  specific  recommendations  for  next 
steps  to  be  undertaken  as  high  priority  research  tasks  with 
immediate  payoffs; 

3.  Models  ant  analysis  techniques  -  developed  or  under  develop¬ 
ment,  for  utilisation  in  transportation  systems  analysis. 

These  results  are  discussed  In  this  chapter  in  throe  corresponding 
sections. 
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2,0  Conclusions 

2.1  General  Conclusions  -  Transportation  Systems  Analysis 

Our  review  of  the  substantive  issues  in  transportation  systems 
analysis  leads  us  to  the  following  conclusions. 

Transportation  systems  ana’ysis  is  an  equilibrium  problem.  The 
alternative  options  and  transportation  technologies  can  be  represented 
in  terms  of  supply  and  resource  functions.  The  pattern  of  social  and 
economic  activities  can  be  expressed  in  terms  of  demand  functions.  The 
core  of  the  transportation  systems  analysis  problem  is  to  predict  the 
equilibrium  pattern  of  flows  in  a  network  resulting  from  ?.  particular 
set  of  options  with  regard  to  the  transportation  system  and  the  activity 
system. 

There  are  a  wide  variety  of  options  which  can  be  manipulated  as 
Instruments  of  public  or  private  policy  in  any  particular  transportation 
systems  context.  An  analysis  of  the  alternative  policies  open  to  a  single 
decision  maker  should  include  explicit  exploration  of  a  variety  of  these 
options,  and  should  explicitly  examine  the  use  of  a  variety  of  options 
in  concert.  For  example,  one  should  explore  the  substicutabillty  of  such 
options  as  changes  in  fixed  facilities,  changes  in  vehicles  or  schedules, 
and/or  changes  in  fares,  subsidies,  taxes,  etc. 

Modelr  should  be  developed  for  analysing  alternative  transportation 
policies  in  which  tradeoffs  among  the  various  options  can  be  considered 
explicitly.  This  does  not  mean,  however,  that  a  single  model  including 
all  options  is  necessarily  the  best  approach;  It  may  be  feasible  only  to 
have  a  connected  series  of  models. 
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Transportation  has  a  variety  of  impacts  on  different  groups: 
users,  operators,  physically-impacted,  functionally-impacted,  and 
politically  affected  actors.  In  exploring  alternative  transportation 
policies  it  is  Important  to  trace  out  explicitly  the  differential  impacts 
of  the  transportation  options  on  different  groups.  Aggregate  measures, 
such  as  "total  benefits  to  whomsoever  they  accrue"  and  benefit-cost 
ratios,  may  be  useful  but  only  under  certain  conditions.  However,  it 
is  most  important  to  be  able  to  distinguish  carefully  the  discriminatory 
and  differential  impacts  of  those  policies  on  various  groups. 

In  order  to  predir-  the  impacts  associated  with  a  particular  set 
of  r-tions,  it  is  necessary  to  predict  the  pattern  of  flows  in  the 
transportation  network.  By  this  is  meant  the  volumes  of  passengers  and 
goods  moving  between  pairs  of  origins  and  destinations,  and  over  specific 
network  links;  together  with  the  levels  of  service  (time,  costs,  etc.) 
each  increment  of  Mow  incurs.  The  basic  concept  for  prediction  of  these 
flows  is  that  of  equilibrium  between  supply  and  demand  within  the  con- 
staining  channels  of  the  transportation  network. 

To  accomplish  this  prediction  of  equilibrium  flows  a  number  of 
types  of  models  are  required:  supply  models,  resource  requirements 
models,  demand  models,  network  equilibrium  models,  and  demand  shift  models. 
To  put  it  another  way,  it  appears  useful  to  subdivide  the  flow  prediction 
problem  Into  these  components. 

There  are  many  interactions  among  these  component  models,  and  several 
concepts  have  been  advanced  to  assist  in  understanding  these: 

a.  Transportation  technology:  the  modeling  of  transportation 

technology  is  proposed  to  be  represented  bv  two  different  models, 
resource  requirements  and  supply  prediction. 


276 


b.  Level  of  service  vector:  it  is  assumed  that  the  interaction 
between  transportation  technology  and  the  demand  for  trans¬ 
portation  can  be  adequately  separated  by  the  concept  of  a 
vector  of  level  of  service  variables,  replacing  the  single 
"price"  variable  of  basic  economic  theory.  This  is  equivalent 
to  the  assumption  made  by  Baumol  and  Quandt  and  others,  that 
transportation  demand  can  be  predicted  in  a  mode-independent 
way. 


There  are  significant  uncertainties  in  transportation  systems 
analysis  in  spite  of  the  tremendous  progress  that  has  been  made  in  data 
collection  and  analysis  and  model  construction  and  validation.  Uncertainties 
exist  as  to  the  behavioral  parameters  of  demand,  the  characteristics  of 
transportation  technologies,  the  consequences  associated  with  different 
alternatives,  and  the  goals  cf  society.  Furthermore,  there  is  a  long  lead 
time  from  the  planning  stage  to  the  actual  implementation  of  most  trans¬ 
portation  systems  investments.  Therefore  it  is  necessary  that  an  evolutionary 
planning  approach  be  adopted  in  transportation  analysis.  In  particular,  ex¬ 
plicit  consideration  should  be  given  to  the  value  of  information  obtdned 
by  various  scurces  and  the  design  of  experiments  and  demonstration  programs 
explicitly  for  the  information  value  they  provide  in  a  step  by  step  sequential 
decision  strategy.  Furthermore,  techniques  should  be  developed  for  optimal 
allocation  of  information  acquisition  resources  among  alternative  demonstrat¬ 
ions,  experiments,  data  collection  and  other  information  acquisition  activities. 

Transportation  systems  analysis  requires  use  of  an  extensive  and  complex 
set  of  prediction  models.  In  analysing  transportation  policy  alternatives, 


It  is  very  unlikely  that  there  will  be  enough  understanding  of  the 
significant  issues  in  the  particular  substantive  problem  that  a  single 
run  of  the  model  system  will  be  adequate  for  analyzing  the  issues.  To 
determine  the  impacts  corresponding  to  a  single  transportation  system 
alternative  requires  fairly  extensive  analysis  using  all  the  model  types 
described  above.  Therefore,  it  is  difficult  to  identify  precisely  which 
action  or  transportation  systems  policy  will  most  effectively  achieve  a 
particular  set  of  impacts.  Furthermore,  It  is  a  difficult  task  to  trace 
out  the  substitutability  among  various  options,  to  identify  how  alternative 
impacts  may  be  achieved  through  manipulation  of  the  options. 

Thus,  a  systematic  analysis  of  policy  options  will  require  a  number 
of  runs  of  the  system  of  analysis  models.  Therefore,  it  is  necessary 
to  design  the  analysis  strategy  and  the  analysis  environment  with  full 
consideration  of  the  nature  of  transportation  systems  analysis  as  a 
problem-solving  process,  which  is  iterative,  and  evolving.  In  particular, 
it  would  be  necessary  to  have  flexible  capabilities  for  analyzing  and 
organizing  the  results  of  a  large  number  of  runs  of  a  complex  model  system. 
Furthermore,  a  variety  of  graphic  display,  data  manipulation,  and  other 
capabilities  need  to  be  provided  for  effective  analyst  use  of  a  complex 
model  system  in  the  exploration  of  policy  options. 


Because  the  system  of  models  to  be  used  in  analyzing  a  trans¬ 
portation  alternative  is  complex,  transportation  systems  problems  esnnot 
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be  solved  as  a  single  optimization  problem.  Rather,  an  iterative  approach 
must  be  followed.  This  iterative  approach  consists  of  generating  an 
alternative  (search),  predicting  its  consequences,  evaluating  those  con¬ 
sequences,  and  then  comparing  that  alternative  with  all  others  previously 
examined  in  order  to  make  a  choice.  This  cycle  of  search-prediction- 
evaluation-choice  is  repeated  many  times,  as  the  technical  analysis  team 
endeavors  to  search  out  and  choose  among  meaningful  action  alternatives. 

In  general,  it  is  desirable  to  have  a  multilevel  approach  to  the 
transportation  planning  process.  In  this  multilevel  approach,  the“°  are 
several  different  search-prediction-evaluation-choice  cycles.  Seme  of 
these  cycles  take  place  at  a  very  detailed  level  of  analysis,  such  as 
with  a  well-defined  forward-seeking  model  system.  Other  cycles  take  place 
at  a  very  gross  or  approximate  level  of  analysis.  The  main  value  of  these 
gross  analyses.  1»  primarily  in  ^olnine  to  trace  out  the  general  structure 
of  the  problem.  A  problem-solving  process  in  transportation  analysis  which 
is  "efficient"  in  an  overall  sense  would  probably  have  several  different 
levels  of  analysis,  with  flexible  interaction  among  them. 

2.2.2  Search 

The  search  problem  is  the  following;  given  a  number  of  pre¬ 
viously  generated  actions  and  their  consequences,  and  a  statement  of  goals 
or  desirable  directions  to  go  in  improving  the  impacts  of  these  actions, 
what  values  of  the  decision  options  will  achieve  the  desired  levels  or 
directions  of  change?  For  example,  if  we  want  to  decrease  travel  time 
without  decreasing  operator  revenue  how  do  we  change  the  system? 
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There  are  a  variety  of  search  techniques  available.  If  we  make 
some  fairly  drastic  simplifications  in  the  problem,  we  can  apply  such 
powerful  techniques  as  mathematical  optimization,  including  linear  pro¬ 
gramming,  dynamic  programming,  and  other  techniques  based  on  calculus. 
Alternatively,  direct  search  or  other  hill  climbing  approaches  may  be 
used,  as  well  as  heuristic  search  techniques  such  as  branch  and  bound, 
Loubal's  sensitivity  procedure  and  network  aggregation. 

There  does  not  seem  to  be  any  specific  search  techniques  which  will 
be  the  technique  to  use  in  all  transportation  systems  problems.  None  of 
the  analytical  search  techniques,  such  as  mathematical  optimization,  are 
yet  computationally  feasible  for  large  real-world  transportation  systems. 
However,  it  should  be  fruitful  to  use  these  techniques  as  modules  in 
larger  search  strategies. 

Network  aggregation  may  be  particularly  useful  in  making  effective 
use  of  optimization  techniques.  In  this  approach,  an  aggregate  representat¬ 
ion  of  the  particular  detailed  transportation  system  under  study  would  be 
constructed  using  a  particular  aggregation  rule.  The  result  of  applying 
this  aggregation  rule  would  be  a  formulation  of  the  problem  appropriate  for 
some  mathematical  optimization  technique.  This  mathematical  optimization 
technique  would  then  be  used  within  the  context  of  the  gross  representation 
of  the  problem  to  find  an  optimum  (as  narrowly  defined).  The  results  of 
this  process  would  then  be  translated  back  to  the  detailed  level.  Thus, 
mathematical  optimisation  formulations  and  other  analytical  search  tech¬ 
niques  may  be  useful  in  the  context  of  a  broader  search  strategy  via  the 
concept  of  network  aggregation. 
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We  conclude  that  a  rich  variety  of  search  techniques  of  different 
types  may  pro  e  more  efficient  as  a  system,  as  modules  of  search  strategies, 
than  any  single  technique  used  alone.  Development  of  both  specific 
techniques  and  search  strategies  is  important. 

The  judgement  of  the  analyst  can  and  should  play  a  strong  role 
throughout  the  search  process.  Therefore,  it  is  appropriate  to  develop 
a  variety  of  different  search  techniques,  as  well  as  a  flexible  environment 
in  which  they  can  be  used,  such  as  an  on-line  computer  environment  with 
graphic  display.  Our  conclusions  about  the  desired  capabilities  of  such 
an  analysis  environment  are  summarized  in  the  next  section. 
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3 . 0  Recommendations  for  a  Program  of  Methodological  Research  in  Searching 
Out  and  Choosing  Among  Transportation  Systems  Alternatives 

3.1.  General  Recommendations 

3.1.1.  Prototype  Analyses 

In  order  to  develop  understanding  of  the  substantive  issues  as 
well  as  of  the  characteristics  of  alternative  search  techniques,  analyses 
of  one  or  more  prototype  transportation  systems  problems  (such  as  the 
current  Northeast  Corridor  Prototype  Analysis)  should  be  contained.  In 
these  analyses,  the  objective  should  be  to  experiment  with  a  variety  of 
search  techniques,  to  obtain  computational  insights  into  the  capabilities 
of  these  techniques,  in  relation  to  the  substantive  irsues  of  the 
problem  and  of  alternative  models  and  the  way  they  might  fit 
together. 

3.1.2.  Interactive  Problem  Solving  Environment 

Effective  systematic  analysis  of  transportation  alternatives 
will  require  the  use  of  computer-based  models.  Since  in  general,  na  single  research 
technique  or  transportation  model  will  be  sufficient  to  adequately  analyze 
a  specific  substantive  transportation  problem,  it  is  important  to  maximize 
the  efficient  use  of  the  analyst's  judgements.  This  implies  that  the 
computer  models  be  available  in  a  flexible,  Interactive,  on-line  environ¬ 
ment.  Such  a  computer  environment  should  have  capabilities  for  graphic 
display  (plotter,  cathode  ray  tube,  with  input  as  well  as  output);  for  card 
*nd  magnetic  tape  input  of  large  volumes  of  information;  for  typewriter, 
console,  or  other  type  of  on-line  input  of  small  amounts  of  information; 
and  several  levels  of  secondary  storage,  providing  different  combinations 
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of  access  time  and  storage  capacity  (such  as  the  hierarchy  of  disk, 
data  cell,  tape,  microfiche,  or  other  hard  copy  record).  The  computer 
environment  should  have  available  a  problem  oriented  language  capability, 
such  that  the  analyst  can  use  the  various  models  available  in  this  environ¬ 
ment  through  English  language-like  commands.  Further,  the  computer 
environment  should  allow  the  flexible  use  of  a  multitude  of  models  by 
allowing  modular  models  to  be  used  in  an  interchangeable  way.  Finally, 
there  should  be  available  powerful  problem-oriented  data  organizing 
techniques,  such  as  the  proposed  DODO  system,  which  can  allow  the  analyst 
to  efficiently  access  the  data  generated  in  a  large  number  of  previous 
computer  runs,  and  extract  from  this  data  information  relevant  to  his 
decision-oriented  transportation  analysis. 

3.1.3.  Transportation  Models 

There  is  no  single  best  transportation  systems  model.  However, 
it  should  prove  feasible  to  develop  a  flexible  set  of  transportation 
models,  in  one  system  environment.  In  such  a  set  of  transportation  models, 
there  should  be  a  variety  of  network  equilibrium  models,  demand  models, 
models  for  representing  transportation  technologies  (both  specific  modes  and  gen¬ 
eral  uocels),  and  other  component  functions  of  the  transportation  analysis  process. 

This  system  of  transportation  models  should  be  so  designed  as  to  allow 
the  analyst  to  specify  a  particular  subset  of  models  to  be  used  at  any 
point  In  the  transportation  analysis  process.  This  is,  the  models  should 
be  designed  as  modules  which  can  be  sequenced  In  a  variety  of  ways.  For 
example,  the  analyst  should  be  able  to  experiment  with  alternative  demand 
and  network  equilibrium  models  at  different  points  in  the  transportation 
analysis  proc 
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Another  important  aspect  of  the  design  of  such  a  system  of 
transportation  models  would  be  the  exploitation  of  a  flexible  computer 
environment  to  provide  functional  capabilities  particularly  appropriate 
for  transportation  analysis.  For  example,  one  capability  which  is  very 
critical  is  a  flexible  system  for  management  of  network  data.  Such 
a  system  would  allow  a  wide  variety  of  sub-networks  or  versions  of 
networks  to  be  extracted  from  a  single  basic  network  data  base,  so 
that  the  analyst  would  be  able  to  effectively  apply  various  transportation 
models  and  search  techniques  to  particular  parts  of  the  network  as  he 
desired. 


3.1.4  Specific  Search  Techniques: 

A  comprehensive  balanced  program  uf  research  she'll d  be 
conducted  to  develop  and  test  a  variety  of  specific  search  techniques. 
Research  should  continue  in  the  development  of  various  mathematical 
programming  formulations,  with  the  objective  of  Increasing  computational 
efficiency  of  present  algorithms  as  well  as  development  of  ne^  algorithms. 
Research  should  be  conducted  to  exploit  the  ideas  of  direct  search 
techniques  and  their  applicability  to  transportation  analysis.  A  wide 
variety  of  opportunities  exist  for  development  of  heuristic  search 
techniques,  such  as  network  aggregation,  pattern  recognition  and 
other  approaches.  This  may  be  an  extremely  fruitful  area  in  the  short- 
run  and  the  experiments  necessary  to  develop  and  test  heuristic 
techniques  should  provide  powerful  insights  for  avenues  of  developsMtnt 
of  efficient  direct  search  and  mathematical  optimisation  techniques. 

While  research  in  a  variety  of  specific  search  techniques  is 
important,  it  is  also  important  to  try  to  develop  overall  strategies 


for  using  a  number  of  search  techniques  in  concert,  in  the  context  of 
particular  substantive  transportation  systems  problems.  Research 
should  continue  in  the  area  of  developing  such  search  strategies,  for 
example:  alternative  multi-level  approaches;  and  approaches  that  utilize 
network  aggregation  and  approximations  for  evaluating  and  discriminating 
among  alternatives  in  the  initial  stages. 

3.1.5  Interaction  with  the  Political  Process 

One  of  the  important  roles  of  transportation  systems 
analysis  is  to  help  clarify  in  the  minds  of  political  decision  makers  as 
well  as  the  body  politic  the  range  of  options  which  are  open  to  them, 
as  well  as  their  implications.  There  are  a  number  of  fruittui  directions 
for  development  of  more  effective  interaction  between  the  technical 
process  of  transportation  systems  analysis  and  the  real-world  political 
process.  Research  should  be  conducted  to  develop  specific  operational 
techniques  for  promoting  this  effective  interaction.  In  particular, 
research  should  continue  or.  further  developrent  and  testing  of  the  goal 
fabric  concept,  on  various  models  for  obtaining  expressions  of 
preferences  from  politicsi  decision  makers  and  other  non-technical 
parsons,  development  of  gaming  techniques,  and  for  development  of  political 
simulation  models,  in  the  context  of  transport  systems  analysis. 

3,2  Implications:  Specification  of  a  Transportation  Search  Environment 

The  discussions  fn  tha  preceding  sections  can  be  viewed  in 
part  in  tarma  of  tha  implications  for  a  single  analysis  "environment”  for 
searching  out  and  choosing  among  transportation  systems  alternatives.  Such 
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an  analysis  environment  should  have  the  following  capabilities: 

1.  Repertory  of  prediction  models:  A  basic  set  of  prediction 
models  should  be  provided  in  which  there  is  at  least  one  model  for 
accomplishing  each  of  the  basic  functions:  supply  ("technology"),  derand, 
network  equilibrium,  resource  requirements,  and  demand  shifts;  and 
evaluation. 

2.  Technology  models:  There  should  be  at  least  one  model 
capable  of  representing  transportation  technologies  in  general,  as  well 
as  specific  models  for  particular  technologies  ("modes").  These 
models  should  take  as  input  specification  of  options  such  as  station 
spacing,  stop  time,  vehicle  size,  number  of  vehicles,  link  characteristics, 
cruise  speed,  acceleration-deceleration  rates,  and  other  critical  variables. 
The  models  should  be  so  designed  as  to  allow  paramerric  variations  to 
trace  out  supply  and  resources  functions.  Such  models  should  be 

provided  for  mode  interface*  (terminals)  as  well  as  for  line-haul 
and  access  links.  Where  possible,  corresponding  search  procedures 
should  be  provided,  which  would  take  as  input  specification  of  desired 
service  and  resource  requirement  levels,  and  produce  as  output  values  of 
the  options. 

3.  Network  equilibrium  models:  alternative  procedures  for 
predicting  network  equilibrium  should  be  provided.  In  particular,  there 
should  be  at  least  one  which  is  "descriptive,"  such  as  the  traffic 
assignment  approach;  at  well  aa  one  which  ia  prescriptive,  and  thus, 
useful  as  a  search  procedure,  such  as  a  network  synthesis  formulation. 
Network  data  management  capabilities  should  be  provided  for  extracting 
from  the  primary  date  base  data  appropriate  for  input  to  the  predictive 
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model (s),  and  to  alternative  mathematical  optimization  formulations. 
(Initially,  TRAN SET  II  or  a  modified  veision  could  be  assumed  as  the 
basic  predictive  model.  Several  alternative  optimization  formulations 
could  be  specified  for  execution  by  0PTE8H  (the  optimization  subsystem 
of  ICES),  and  the  interface  between  TRANSET  and  OPTECH  worked  out  to 
accomplish  this) . 

4 .  Interface  between  technology  and  network  equilibrium  models: 

The  network  models  (whether  predictive  or  prescriptive)  require 
specification  of  cost  and  service  characteristics  in  a  variety  of 
particular  forms.  These  characteristics  are  produced  by  the  technology 
(services  and  resource  requirements)  models.  Procedures  should  be 
provided  for  intrepreting  the  results  of  technology  models  to  produce 
service  and  resource  requirements  relationships  (as  functions  of 
volumes)  for  input  to  alternative  network  equilibrium  models. 

(Initially,  these  int.^r faces  should  be  worked  out  for  a  particular  set 
of  models,  such  as  TRANSET  II  and  OPTECH  formulations.  Later,  more 
general  capabilities  can  be  provided. 

5.  Reference  data  base; 

There  should  be  one  basic  reference  data  base,  consisting  of  all 
transportation  and  activity  system  data,  including  network  and  other 
cptlons.  Where  parts  of  this  data  are  required  in  different  form  for 
use  in  a  particular  search,  prediction  and/or  evaluation  model,  an 
appropriate  "working"  data  base  should  be  constructed  as  needed. 

Deta  management  capabilities: 

Basic  data  management  capabilities,  such  as  file  manipulation 
(editing,  deletion,  extraction  split,  sort,  merge, 
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print,  list,  etc.)  should  be  provided.  Specific  transportation-oriented 
capabilities  are  also  required.  Appropriate  techniques  should  be 
provided  for  constructing  working  data  bases  from  the  reference  data  base 
with  minimal  user  intervention  -  for  example,  techniques  for  going  from  the 
basic  data  base  to  several  alternative  programming  formulations.  As 
another  example,  the  following  capabilities  for  managing  network  data 
should  be  provided: 

(a)  extraction  of  one  or  more  sub-networks  from  within  the  network 
for  specific  analyses; 

(b)  construction  of  approximate  or  aggregate  networks  with  less 
detail  but  approximately  the  same  characteristics  as  the 
reference  network; 

(c)  merging  of  two  or  more  networks  into  a  single  network  (with 
appropriate  consistency  and  completeness  checks); 

(d)  partitioning  of  networks  into  subnetworks  by  geographic  area, 
by  functional  classification,  and  by  other  criteria;  as  well 
as  to  increase  computational  efficiency. 

7.  Evaluation:  A  variety  of  evaluation  procedures  should  be  provided, 
such  as  benefit-cost  and  goal-fabric  techniques.  At  an  early  stage,  a 
basic  goal  fabric  structure  should  be  provided,  with  appropriate  evaluation 
routines,  so  that  outputs  from  TRANSET  II  and  from  the  various  OPTECH 
formulations  will  produce  valuation  information  in  the  goal  fabric. 

8*  Search :  A  variety  of  search  procedures  should  be  provided.  A 

variety  of  heuristics  should  be  programmed  as  modules;  some  of  these 
heuristics  should  generate  small  system  changes,  while  others  may  be  used 
to  infer  directions  for  msjor  changes  from  past  small  changes.  Alternative 
search  strategies  should  also  be  programmed,  such  as  direct  search,  multi¬ 
level  and  time-staging  approaches.  These  strategies  should  be  so 
designed  that  alternative  heuristics  can  be  "plugged  into"  the  broader 
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strategy. 

9.  Data  Organization;  A  basic  data  organization  capability  should  be 
provided  for  keeping  track  of  a  large  number  of  "runs"  of  the  models. 

The  capability  would  enable  the  analyst  to  look  at  the  full  history 

of  runs  and  organize  the  information  produced  in  ways  meaningful  to 

his  decision  issues.  For  example,  as  envisioned  in  DODO,  there  should 

be  a  capability  to  subset  or  partition  the  set  of  runs  into  classes  according 

to  various  criteria.  Tula  would  allow  construct*™  of  isoquants  or  isocontours 

for  various  quantities. 

3.3  Recommendations;  Next  Steps  (Priority  Tasks) 

A  number  of  specific  tasks  can  be  identified  which  are  important 
to  begin  immediately.  Some  of  these  constitute  continuation  of  develop¬ 
ments  initiated  by  the  present  research  oroject. 

(1)  Develop  more  adequate  transportation  technology  models  to  be 
used  for  predicting  level  of  service  and  resource  requirements. 

(2)  Develop  improved  network  equilibrium  models,  exploring  alter¬ 
native  formulations  for  computing  equilibrium.  Extend  present 
equilibrium  models  to  incorporate  supply-demand  equilibrium 
over  multiple  time  periods. 

(3)  Design  a  single  basic  reference  data  base,  from  which  working 
data  bases  would  be  extracted  for  input  to  TRANSET  and  to  various 
optimization  formulations. 

(A)  Develop  an  initial  set  of  useful  optimization  formulations.  Work 
out  the  interface  between  TRANSET  and  OPTECH  to  implement  these 
formulations  to  try  to  identify  appropriate  uses  of 
mathematical  optimization  in  a  network  context.  In  particular, 


attempt  to  develop  matnenatical  programming  formulations  which 
benave  similar  to  descriptive  flow  (e.g.  traffic  assignment)  teehnieue-. 
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(5)  Contimue  experiments  with  network  aggregation  procedures,  and  \ 

i 

test  these  on  the  Northeast  Corridor  network  and  other  networks, 
to  determine  their  properties. 

(6)  Develop  and  test  one  or  several  explicit  multi-level  structures  of 
the  transportation  process.  Initially,  develop  a  three- level 
model,  and  as  experience  is  acquired,  proceed  to  develop  a 
variety  of  alternative  multi-level  structures. 

(7)  Implement  "goal-fabric"  concepts  in  conjunction  with  TRANSET. 

Experiment  with  goal  fabric  analysis,  in  coordination  with 
benefit-cost  and  other  traditional  choice  techniques  to  evaluate 
the  feasibility  and  utility  of  goal  fabric  procedures. 

(8)  Develop  differential  impact  analysis  techniques,  for  explicitly 
tracing  out  the  potential  impacts  of  transportation  alternatives 
on  different  groups. 

(9)  Develop  a  capability  for  understanding  the  results  of  a  number  of 

1 

runs  of  the  model  system,  along  the  lines  of  DODO  (Decision 
Oriented  Data  Organizer). 

(10)  Conduct  experiments  with  real  and  hypothetical  networks  to  try 
to  identify  how  specific  types  of  systematic  changes  in  the  systems 
will  impact  on  particular  goal  variables  and  consequences. 

(11)  Develop  techniques  for  making  inferences  about  desireable 
search  directions.  Formulate  and  test  "pattern  recognition" 
approaches  to  try  to  identify  appropriate  directions  for  modigylng 
a  particular  transportation  system  alternative  in  order  to  Improve 
on  it  in  respect  to  some  subset  of  goal  variables. 

(12)  Formulate  and  test  a  variety  of  heuristic  search  procedures  as  search 
techniques. 
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(13)  Continue  experiments  in  developing  procedures  for  finding  desireable 
time  stagings  of  investments  in  transport  facilities;  in 
particular,  emphasize  the  flexibility  of  initial  decisions  in 
their  ability  to  achieve  many  good  target  year  plans  while 
accounting  for  basic  uncertainties  in  demand  and  technology. 

(14)  Continue  development  of  remote  processing  interactive  and 
batch  computer  environments  for  doing  transportation  search. 

(15)  Continue  development  of  graphic  display  techniques  (scope 

and  plotter)  for  visualizing  the  structure  of  the  transportation 
problem,  including  development  of  alternative  forms  of  representing 
systems  and  their  impacts. 

(16)  Develop  the  use  of  demand  models  as  guides  to  search,  such 
as  through  the  use  of  tradeoff  ratio* ,  based  upon  demand 
parameters. 

(17)  Implement  the  Loubal  algorithm  in  conjunction  with  Branch  and  Bound 
as  a  link  addition  technique. 
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4.0  Models .  Analysis  Techniques,  and  Other  Results 


Although  the  primary  objective  of  this  research  was  exploratory, 
in  the  course  of  this  effort  a  number  of  specific  models,  analysis  techniques 
and  other  results  were  developed.  Most  are  still  undergoing  development 
and  refinement. 

4.1  Prototype  Analysis  System 

In  order  to  accomplish  the  prototype  analysis,  a  computer-based 
system  of  models  was  developed  and  a  data  base  established  and  tested. 

The  system  of  models,  designated  TRANSET  II,  is  in  the  form  of  a  command- 
structured  problem-oriented  language,  and  is  a  subsystem  of  ICES,  the 
Integrated  Civil  Engineering  System.  TRaNSET  II  was  developed  through 
adding  capabilities  to,  and  modifying,  TRANSET  I,  an  ICES  subsystem  for 
analysis  of  urban  transportatior  networks. 

(a)  Specific  capabilities  incorporated  include: 

1)  Computation  of  equilibrium  between  supply  and  demand  in 
a  network  context  consistent  with  Baumol-Ouandt  demand 
models ; 

2)  Development  of  a  variable  increment  technique  for  computing 
network  equilibrium; 

3)  Representation  of  a  multi-mode  network  for  the  Northeast 
Corridor,  including  access,  terminal,  and  line-haul  links; 

4)  Simplified  model  for  simulating  the  effects  of  transportation 
on  regional  growth; 

5)  Evaluation  routines  for  computing  various  goal  variables 
of  interest,  including  travel  time,  waiting  tiiM,  fare, 
user  costs,  operator  costs  and  revenues,  e.overnment  costs 
and  revenues,  and  accessibilities; 
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6)  Capability  to  compare  alternatives  by  examining  the 
incremental  differences  between  alternatives; 

7)  Graphic  display,  including  the  capability  to  plot 
flows,  travel  times,  and  speeds  on  a  multi-mode  network. 

8)  Problem-oriented  command-structured  computer  language, 
allowing  easy  use  of  system. 

(b)  A  data  base  was  developed  for  prototype  analysis  of  passenger 

travel  in  the  Northeast  Corridor: 

1)  District  population  and  income  data  were  developed 

2)  The  multi-mode  network  was  modelled  at  the  five-node 
and  twenty-nine-node  levels 

3)  Supply  functions  were  developed  for  air,  rail,  and  auto 
modes 

4)  The  i'ata  base  was  tested  and  debugged 

5)  A  variety  of  alternative  transportation  systems  were 
developed  and  tested,  producing  data  showing  tradeoff 
relationships  ai~ong  options  and  impacts. 

4.2  DODO 

The  DODO  system  (Decision  Oriented  Data  Organizer)  has  been 
designed  and  is  in  process  of  development.  DODO  is  a  commnad-structured 
problem-oriented  language  for  storing  data  from  a  large  number  of  computer 
runs  in  a  way  which  is  meaningful  for  analysis  of  those  outputs.  The  design 
of  DODO  is  based  upon  the  PSP  conceptual  model.  DODO  should  be  useful  for 
manipulating  and  exploring  the  outputs  of  the  model  system. 

4.3  Goal  Fabri-fc 

The  goal  fabric  concept  was  developed  as  an  extension  of  the 
PSP  model.  The  concept  was  demonstrated  in  the  Norhteast  Corridor  Prototype 
Analysis,  and  is  undergoing  further  testing  and  refinement. 
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4.4  Demand  Models 

The  Baumol-Quandt  abstract  mode  model,  originally  proposed  for 
intercity  travel,  was  tested  and  calibrated  as  a  demand  model  for 


i 

i 

metropolitan  area  transportation. 

4.5  Technology  Models 

Basic  research  was  conducted  into  the  structure  of  transportation 
technology  in  order  to  identify  the  kinds  of  Issues  which  should  be  modelled 
In  the  form  of  supply  and  resource  requirements  functions  for  network  level 
analyses.  The  concept  of  production  functions  in  transportation  was  further 
developed.  Tradeoff  analyses  for  certain  ground  transportation  forms  were 
accomplished.  Simple  models  were  developed. 

4.6  Branch  and  Bound  Techniques 

Techniques  for  searching  for  optimal  investments  in  a  transportation 
network  have  been  developed  and  tested. 

4.7  Value  of  Information 

Procedures  are  under  development  for  determining  the  optimal 
information  acquisition  policy  in  the  context  of  transport  investment  planning. 

4.8,  Evolutionary  Planning  of  Evolutionary  Transportation  Facilities 

Computational  procedures  are  being  developed  to  determine  the 
optimal  staged  Investment  strategy  in  the  face  of  uncertainty. 
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EPILOGUE:  Whv  Search  and  Choice? 

This  is  a  time  of  major  shocks  to  our  national  consciousness* 

The  assassinations  of  John  F.  Kennedy*  of  Robert  Kennedy,  and  of 
Martin  Luther  King,  have  had  deep  impacts  -  individuals  and  even 
institutions  have  felt  a  profound  loss  of  communication  with,  and 
control  over,  their  environment.  The  sense  of  anomie  is  upon  us* 

The  application  of  the  techniques  of  systematic  analysis  to 
public  policy  issues  is  just  beginning.  The  creation  of  new  federal 
and  state  institutions,  together  with  the  development  of  new  analytical 
tools,  promises  a  rapid  growth  in  the  systematic  analysis  of  public  issues. 
In  transportation,  the  new  Department  of  Transportation  and  the  metropolitan 
and  megalopolitan  transportation  studies  are  particular  examples. 

This  growth  in  analysis  holds  danger  as  well  as  promise.  In  some 
Instances,  analysis  may  succeed  well  in  clarifying  complicated  issues  in 
meaningful,  relevant  ways.  In  other  cases,  however,  analysis  may  be  used 
to  justify  predetermined  courses  of  action  or  to  hide  the  issues  instead 
of  clarifying  them.  Perhaps  the  mo  it  significant  danger  of  all  is  that, 
by  cloaking  the  issues  of  substance  in  a  cloth  of  techniques,  the  develop¬ 
ment  of  more  powerful  analysis  methods  may  remove  the  individual  even 
further  from  any  Influence  over  the  decision  to  be  reached. 
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The  objective  of  systematic  analysis  must  be  to  destroy  anomie, 
not  accentuate  it.  At  the  scale  of  the  room  or  the  dwelling,  architects 
talk  about  environments  which  people  can  change  and  shape  by  themselves  - 
movable  walls  and  modular  furniture  are  proposed  as  examples.  But 
transportation  systems  are  massive  Investments,  involving  large  commitments 
of  resources.  How  can  individuals  affected  by  such  decisions  be  involved 
in  the  decision-making  in  a  meaningful  way?  Hw  can  the  significant 
issues  be  presented  to  the  man  in  the  street  in  such  a  way  that  he  can 
grasp  them,  relate  them  to  his  own  intimate  world,  and  thus  become  Involved 
in  the  process  of  reaching  a  decision? 

Systematic  analysis  must  serve  to  illuminate  the  issues,  not  hide 
them.  Analysis  results  should  display  to  people,  in  an  understandable 
way,  the  choices  open  to  them;  analysis  should  not  make  those  choices  for 
them.  The  idea  that  a  "social  optimum"  can  be  determined  by  "objective" 
analysis  is  a  dangerous  myth. 

The  development  of  analysis  techniques  must  seek  to  bring  back  to 
ell  men  the  relevance  and  meaning  of  control  over  their  environments. 

This  is  tka  real  challenge  of  research  in  search  and  choice. 
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Volume  II 

Ruiter,  Earl  R.,  A  PROTOTYPE  ANALYSIS,  Research  Report  R68-41,  Cambridge, 
Mass.:  Department  of  Civil  Engineering,  M.  I.  T.  (1968). 

A  prototype  system  designed  for  the  equilibrium  analysis  of  region¬ 
al  multimodal  transportation  systems  is  described,  and  the  system  is  used 
to  analyze  an  aggregated  representation  of  air,  rail  and  private  automo¬ 
bile  travel  in  the  Northeast  Corridor. 

The  system  has  been  designed  to  illustrate  the  importance  and  use¬ 
fulness  of  applying  the  equilibrium  approach  to  transportation  systems 
analysis.  The  theoretical  framework  of  this  approach  is,  therefore,  pre¬ 
sented  as  an  introduction,  tony  concepts  arising  from  urban  transportation 
planning  methodology  have  been  incorporated  into  the  prototype  system.  Ur¬ 
ban  transportation  is  therefore  presented  as  a  particular  approximation 
of  the  equilibrium  approach. 

Based  on  the  background  of  the  equilibrium  approach  and  ot  urban 
transportation  planning,  the  prototype  analysis  system  is  presented  as  an 
alternate  approximation  of  the  equilibrium  approach,  with  a  structure  bet¬ 
ter  suited  to  multimodal  regional  transportation  issues.  The  models  com¬ 
prising  the  system,  although  of  secondary  importance  to  the  structure  of 
the  system,  are  described.  Also,  a  problem-oriented  computer  language  pro¬ 
viding  the  prototype  analysis  system  capabilities,  TRANSET  II,  is  described. 

The  system  is  demonstrated  by  showing  its  use  to  model  the  existing 
Northeast  Corridor  intercity  air,  rail  and  private  auto  systems.  Five  ex¬ 
periments,  representing  the  use  of  the  system,  are  described  and  results 
are  presented. 
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The  five  experiments  are: 

1)  Equilibrium  vs.  non-equilibrium  analysis 

2)  Impacts  of  alternative  networks 

3)  Effects  of  varying  networks,  fares  and  frequencies 

4)  Effects  of  time  staging  strategies 
b)  Sensitivity  analyses  of  the  system. 
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Volume  III 


Ochoa-Roseo,  F.,  APPLICATIONS  OF  DISCRETE  OPTIMIZATION  TECHNIQUES  TO 
CAPITAL  INVESTMENT  AND  NETWORK  SYNTHESIS  PROBLEMS,  R68-42,  M.  I.  T., 
Department  of  Civil  Engineering,  January  1968. 


The  purpose  of  this  work  is  to  formulate  and  solve  certain  opti¬ 
mization  problems  arising  in  the  fields  of  engineering  economics,  scarce 
resource  allocation,  and  transportation  systems  planning. 

The  scope  and  structure  of  optimization  theory  is  presented  in  order 
to  place  subsequent  work  in  proper  perspective.  A  branch  and  bound  al¬ 
gorithm  is  rigorously  developed  which  can  be  applied  to  the  optimization 
problems  of  interest.  A  rounding  operation  is  defined,  which  provides  a 
powerful  rejection  rule  and  permits  the  calculation,  at  each  stage  of  the 
solution  process,  of  an  upper  bound  and  a  feasible  solution  in  addition 
to  the  usual  lower  bound.  This  double  bounding  technique  implies  little 
or  no  extra  computational  effort. 

Subsequent  chapters  are  devoted  to  the  study  of  various  cases  of 
capital  investment  problems.  Investment  in  sets  of  Independent  projects 
is  considered  first.  For  the  (0-1)  multi-dimensional  knapsack  problem  a 
new  formulation,  interpreted  a3  a  network  synthesis  problem  on  a  bipartite 
graph,  is  given.  This  formulation  p.5 :mits  the  straightforward  application 
of  the  branch  and  bound  algorithm,  and  allows  the  solution  of  the  linear 
program  associated  with  each  node  of  the  solution  tree  to  be  obtained  by 
inspection. 

This  study  is  pursued  by  considering  capital  investment  in  a  single 
time  period  as  a  special  case  of  the  previous  problem.  Certain  economic 
interpretations  are  derived  by  investigating  the  dual  program  of  the  dis¬ 
crete  knapsack  problem.  A  parametric  branch  and  bound  method  is  developed 
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which  permits  the  solution  of  the  knapsack  problem  for  a  range  of  values 
of  the  budget  celling. 

Two  formulations  are  proposed  for  a  special  case  of  deferred  capital 
investments,  referred  to  as  the  multi-knapsack  problem.  The  first  formula¬ 
tion,  after  a  transformation  by  means  of  a  model  equivalent,  leads  to  a 
branch  and  bound  algorithm  which  requires  the  solution  of  a  standard  trans¬ 
portation  problem  with  surplus  and  deficits  and  certain  routes  prohibited 
at  each  step  of  the  algorithm.  The  second  model,  although  it  may  require 
a  larger  tree  before  optimality  is  reached,  permits  the  solution  by  in¬ 
spection  of  the  linear  program  associated  with  each  node  of  the  solution 
tree. 

The  final  part  of  this  thesis  studies  capital  investment  for  depen¬ 
dent  proposals  in  the  context  of  urban  transportation  planning.  The  branch 
and  bound  algorithm  is  adapted  to  the  link  addition  network  design  problem, 
where  a  descriptive  traffic  assignment  model  is  employed. 

Finally,  for  the  multistage  link-addition  network  synthesis  problem, 
a  normative  model  is  formulated  as  a  block-angular  mixed-integer  linear 
program.  A  partitioning  technique  is  employed  to  take  advantage  of  the 
highly-structured  form  of  the  model. 

We  conclude  with  a  detailed  presentation  of  the  partitioning  tech¬ 
nique  of  Benders,  as  applied  to  both  continuous  and  mixed-integer  pro¬ 
gramming  problems  presenting  a  block-angular  structure. 
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Volume  IV 

Manheim,  Marvin  L.,  "Modelling  the  Evolutionary  Nature  of  Problem  Sol¬ 
ving."  PART  Is  CONCEPTUAL  FRAMEWORK.  R68-43,  Department  of  Civil  Engin¬ 
eering,  M.  I.  T.,  June  1968. 

Part  1  develops  a  conceptual  vocabulary  of  the  procedural  models  to 
guide  and  structure  the  use  of  transportation  system  planning  models.  The 
evolution  of  the  analysis  process  is  represented  by  the  development  of  re¬ 
lations  which  describe  the  actions  and  goals  in  the  Problem  Solving  envir¬ 
onment.  The  first  section  briefly  describes  the  PSP  model.  The  next  sec¬ 
tion  develops  a  "snap-shot"  view  of  the  states  of  the  PSP  by  defining  the 
relationships  among  the  set  of  actions.  A,  and  the  set  of  Goals,  G. 

The  relationships  among  the  actions  are  defined  as: 

a.  alternatives 

b.  component/composite 

c.  inclusions 

The  image  of  the  goals  is  described  with  the  idea  of  the  goal  fabric 
and  goal  statements,  and  the  relations  among  the  goals  are: 

a.  particularization  -  combination 

b.  means  -  ends 

c.  valuevi.se  dependence 

d.  indifference1  -  preference 

The  paper  also  identifies  several  possible  relations  between  A  and  G 
such  as: 

(1)  Goal  performance  of  a  specific  action 

(2)  Preference  structure  over  A,  and 

(3)  Search  directions. 


•**•*•***  -■  i  mu . — hi— 


Finally,  we  enumerate  the  ways  in  which  the  evolution  of  the  anal¬ 


yst's  view  of  the  problem  can  be  represented  by  changes  to  A  and  G. 
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Follansbee,  K.  G.,  Manhelm,  M.  L.,  and  Walter,  R.  A.,  PART  II.  DODO-AN 
INFORMATION  SYSTEM  FOR  THE  PSP  MODEL,  Research  Report  R68-43,  Cambridge, 
Mass.:  Department  of  Civil  Engineering,  M.  I.  T.  (1968). 


Par  II  discusses  the  Initial  development  of  an  information  system 
lor  transportation  systems  analysis.  It  is  incended  to  provide  the  decision¬ 
maker  and  analyst  with  the  capability  to  structure  and  analyze  the  large 
amount  of  data  which  may  be  generated  in  the  development,  prediction,  e- 
viluation,  and  choice  among  the  many  alternatives  in  the  search  for  an 
optimal  solution  to  a  transportation  planning  problem. 

The  system  is  structured  in  the  PSP  (Problem-Solving  Process)  model  j 

framework: 

1.  Strategies  for  solving  the  problem  are  generated. 

2.  These  strategies  are  run  through  a  predictive  model 

which  generates  a  set  of  consequences  for  each  action.  j 

< 

j 

3.  The  positive  results  of  the  prediction  are  transformed 

into  normative  goal  performance  terms.  | 

I 

1 

This  paper  presents  the  basic  ideas  of  the  Files  System,  a  basic  de~  j 

i 

cision  element  and  proposed  command  specification.  TRANSET-II  will  be  used 
as  the  prediction  model  and  also  as  part  of  the  evaluation  model.  The  anal¬ 
yst  will  be  able  to  rrfer  to  all  the  data  generated  in  the  analysis  during 
the  evaluation.  A  search  procedure  to  determine  optimal  link  improvement 
will  be  implemented  using  a  branch-and-bound  optimisation  technique. 
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Ochoa-Rosso,  Felipe  and  Angel  (7)  Silva,  OPTIMUM  PROJECT  ADDITION  IN 
URBAN  TRANSPORTATION  NETWORKS  VIA  DESCRIPTIVE  TRAFFIC  ASSIGNMENT  MODELS, 
Research  Report  R68-44,  Cambridge,  Mass.:  Department  of  Civil  Engineer¬ 
ing,  M.  I.  T.  (1968). 

The  work  reported  here  describes  optimization  techniques  applicable 
to  the  solution  of  the  project  addition  network  synthesis  problem  when 
descriptive  traffic  assignment  models  for  establishing  flow  distribution 
patterns  are  employed. 

Chapter  I  describes  the  classes  of  models  available  for  traffic  as¬ 
signment  on  transportation  networks  ar a  outlines  the  types  of  improvements 
that  may  be  considered.  A  survey  of  recent  synthesis  models  and  the  solu¬ 
tion  methods  employed  for  various  types  of  improvements  via  descriptive 
traffic  assignment  becomes  evident. 

In  Chapter  II  project  addition  to  an  existing  transportation  network 
under  a  budgetary  constraint  is  formulated  as  a  discrt  e  optimization  prob 
lem  which  seeks  to  minimize  the  total  users'  cost.  Two  optimization  tech¬ 
niques  are  then  developed  to  solve  the  synthesis  problem,  which  use  des¬ 
criptive  traffic  assignments  throughout  the  solution  procedures. 

The  first  algorithm,  given  by  Ochoa  ,  is  a  branch  and  bound 

procedure  which  provides  a  better  lower  hound  on  the  problem  at  each  1- 
teratlon  of  the  algorithm.  When  the  procedure  is  carried  out  to  comple¬ 
tion,  it  permits  the  determination  of  the  range  of  variation  of  the  budget 
ceiling  that  will  not  alter  the  optimal  solution.  The  second  technique  is 
a  branch  and  backtrack  (implicit  enumeration)  method  which  provides  a  fear 
ible  solution  and  an  upper  bound  on  th*  veers'  cost  that  decreases  with 
the  number  of  Iterations.  In  both  methods  the  solution  of  traffic  assign- 


ments  is  required  for  certain  nodes  of  the  solution  tree. 

In  Chapter  III,  the  use  of  both  solution  procedures  Is  illustrated 
by  means  of  a  case-study  on  a  simplified  network  of  the  San  Juan  Metro¬ 
politan  Area  of  Puerto  Rico.  The  required  traffic  assignments  were  made 
off-line  using  the  TRANSET  subsystem  of  ICES,  developed  by  the  Massachu¬ 
setts  Institute  of  Technology,  Department  of  Civil  Engineering. 
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Volume  VI 

Stafford,  Joseph  H.,  J.  C.  Prokopy,  ond  V.  Alvazian,  PRODUCTION  FUNC¬ 
TIONS:  MODELS  OF  TRANSPORT  TECHNOLOGY,  Research  Report,  R68-45,  Cambridge, 
Mass.:  Department  of  Civil  Engineering,  M.  I.  T.,  June  1968. 

In  order  to  analyze  alternative  future  transportation  systems  it  is 
necessary  to  estimate  future  costs  of  building  and  operating  the  components. 
This  report  discusses  an  approach  to  cost  estimation  which  explicitly  in¬ 
corporates  technology  descriptors  and  the  unit  costs  of  separately  identi¬ 
fied  resources  or  system  inputs.  The  approach  is  based  the  economist's  con¬ 
cept  of  a  production  function  and  especially  as  it  has  been  expressed  in 
activity  analysis.  This  approach  was  taken  to  facilitate  an  explicit  exam¬ 
ination  of  the  impact  of  government  policies  on  transportation  operators' 
choices  of  technology  and  of  the  impact  of  those  choices  on  the  cost  of 
transportation  under  a  range  of  different  relative  factor  costs. 

The  report  is  divided  into  two  principal  sections.  The  first  sec¬ 
tion  describes  the  theoretical  constructs  to  be  used  and  illustrates  the 
primary  relationships  to  be  considered.  The  second  section  presents  some 
estimated  costs  for  present-day  U.S.  passenger  transport  technologies  and 
suggests  some  Implications  for  policy  based  on  these  crude  estimates  of 
costs.. 

The  conceptual  model  presented  in  Section  I  is  a  general  model  for 
all  nodes  of  transportation.  For  each  technology  the  amount  of  equipment, 
time,  crew  labor,  fuel,  equipment  maintenance,  and  fixed  facility  capacity 
required  per  unit  of  output  are  identified  and  expressed  as  function  of 
such  technology  descriptors  as  vehicle  operating  speed  and  payload.  The 
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effects  of  changing  relative  factor  prices  and  changing  technology 
descriptors  is  shown  in  a  theoretical  text.  The  high  fixed  costs  for 
rights  of  way  and  the  effects  of  vehic?  size  are  shown  to  produce  sig¬ 
nificant  economies  of  scale  while  congestion  and  hence  reduced  opera¬ 
ting  speeds  are  shown  to  result  in  increasing  average  costs. 

Section  II  describes  the  specific  functions  used  in  the  Northeast 
Corridor  prototype  analysis.  These  functions  are  derived  from  the  more 
general  model  of  Section  I.  Two  different  functions  are  used  in  the 
prototype  analysis.  One,  a  volume/delay  function,  is  used  to  estimate 
link  travel  time  as  a  function  of  the  volume  of  movement  on  the  link. 
The  other  is  used  to  estimate  the  cost  of  transportation  on  a  link. 
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Volume  VII 


Bhatt,  Kiran  U.  ,  SEARCH  IN  TRNASPORTATION  PUNNING:  A  CRITICAL  BIBLI¬ 
OGRAPHY,  Research  Report,  R68-46,  Cambridge,  Mass.:  Department  of  Civil 
Engineering,  M.  I.  T.  (1968). 


A  survey  is  presented  of  the  existing  methods  in  the  search  for 
transportation  alternatives  available  in  highway  and  traffic  flow  liter¬ 
ature.  Some  of  the  major  papers  and  methodological  ideas  are  described  in 
detail  to  bring  out  important  trends  in  the  design  of  transportation  sys- 


Part  I  reviews  the  source  of  the  papers  which  present  comprehensive 
transportation  design  methodologies  at  the  network  planning  level.  These 
are  the  planning  processes  rather  than  the  optimization  modules.  Part  II 
reviews  the  micro-design  models  and  optimization  techniques  which  do  not 
address  the  overall  plan,  but  some  specific  detailed  aspects.  These  are 
formal  analytical  modules  which  may  constitute  only  a  sub-problem  in  the 
comprehensive  design. 

The  major  limitations  of  the  existing  methodologies  are  described 
and  a  short  discussion  leads  to  the  hypothesis  that  the  absence  of  nor¬ 
mative,  comprehensive  search  methods  has  led  to  the  generation  of  alter¬ 
natives  which  are  often  biased  toward  existing  and  committed  systems,  and 
that  a  large  number  of  impacts  •ad  their  differential  incidence  are  not 
explicitly  considered.  This  leads  to  the  evaluation  and  selection  of 
schemes  which  do  not  always  prov.'.de  a  rational  choice. 
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Chan,  Yupo,  Kenneth  G.  Follansbee,  Marvin  L.  Manheim,  and  John  Mumford, 
AGGREGATION  IN  TRANSPORT  NETWORKS:  AN  APPLICATION  OF  HEIRARCHICAL 
STRUCTURE,  Research  Report  R68-47,  Cambridge,  Mass.:  Department  of  Civil 
Engineering,  M.  I.  T.  (1968). 

This  report  studies  the  implications  of  different  levels  of  detail 
with  which  networks  are  modelled.  The  analytical  and  computational  re¬ 
sources  are  seldom  sufficient  to  model  a  transport  network  in  full  detail 
and  test  vast  numbers  of  detailed  alternatives  that  are  available.  This 
paper  studies  the  implications  of  different  types  of  network  aggregation, 
different  rules  of  aggregation  and  how  these  can  be  structured  for  use  in 
multi-level  transportation  analysis. 

The  first  part  of  the  report  discusses  the  use  of  network  aggregation 
in  "Search  and  Choice"  of  transport  alternatives.  A  general  two  level 
heirarchical  framework  is  developed  which  enables  the  analyst  to  test  a 
large  number  of  actions  on  a  gross  level  in  terms  of  broadly  based  objec¬ 
tives  and  grossly  defined  attributes  and  to  select  a  small  set  to  be  tested 
at  the  lower  and  detailed  level.  This  approach  uses  two  models  for  analy¬ 
sis  at  different  levels.  A  case  example  is  used  to  discuss  how  the  parti¬ 
tioning  of  action  space  can  be  achieved  by  defining  a  heirarchical  process. 

The  framework  for  network  aggregation  in  space  is  developed  which  stud¬ 
ies  rules  (methodologies)  of  link  and  zone  aggregations  and  elements  of 
uncertainty  introduced  in  performance  characteristics  because  of  abstrac¬ 
tion.  An  experiment  was  carried  out  to  study  the  link  aggregation  based 
on  "parallel  link  rule"  in  hypothetical  networks  and  the  measures  of  ef¬ 
fectiveness  and  results  are  discussed. 

The  last  section  Introduces  the  Idea  of  aggregation  in  time  with  the 


help  of  a  case  example  which  considers  time  dependent  flows  on 
a  line-haul  link. 
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Jackson,  L.  F.,  "General  Models  o£  Urban  Travel;"  PART  I,  R68-48,  De¬ 
partment  of  Civil  Engineering,  M.  I.  T.,  June  1968. 


This  paper  extends  the  model  of  Beckman  which  gives  a  general  equi¬ 
librium  formulation  to  the  study  of  the  demand  for  travel  on  particular 
network  links.  The  formulation  here  considers  two  major  problems  associ¬ 
ated  with  the  Beckman  model  and  attempts  to  solve  them  while  retaining 
the  flow  homogeneity  assumption.  The  first  problem  is  that  in  the  model 
of  Beckman,  it  is  difficult  to  estimate  the  structure  of  the  model,  and 
to  include  important  exogeneous  variables  which  play  a  role  in  the  sup¬ 
ply  and  demand  functions  of  the  model.  Second,  the  structure  postulated 
for  demands  for  travel  from  a  particular  origin  to  destination  is  in¬ 
dependent  of  the  demand  to  any  other  destination,  and  this  Inadequate  if 
we  wish  to  use  the  model  for  studying  the  changes  in  impact  due  to  chan¬ 
ges  in  route  structure  and  capacities. 

The  paper  develops  a  model  of  travel  behavior  considering  transpor¬ 
tation  as  a  production  activity  which  must  operated  a  certain  level  to 
consume  other  services,  and  not  as  an  item  for  consumption.  This  model 
postulates  uniform  and  homogenous  time  flows  and  considers  macro  stabil¬ 
ity  of  flows.  It  is  essentially  a  short  term  equilibrium  model.  The  model 
is  structured  in  three  steps:  discussion  of  transportation  as  a  production 
activity,  development  of  basic  equations  representing  demand  behavior,  and 
general  supply  behavior  equations. 
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Schwarts,  Jesse,  K  Production  and  Transportation  Models  for  Regional 
Planning,"  PART  II,  *68-48,  Department  of  Civil  Engineering,  M.  I.  T., 
June,  1968 

This  report  describes  a  class  of  models  designed  to  assist  the  plan¬ 
ning  of  transportation  taking  into  account  the  other  sectors  of  an  econ¬ 
omy  and  overall  development  goals.  Emphasis  is  placed  on  the  highly  in¬ 
tegrative  role  of  transport  in  manufacturing  and  industrial  acitivities. 
In  this  way  the  flow  of  commodities,  on  the  network,  simulated  in  the 
models,  is  related  to  levels  of  productive  activity  throughout  the  re¬ 
gionally  distributed  economy. 

Three  models  are  presented.  Two  are  static  or  single  period  in  na¬ 
ture  and  allocate  investment  funds  into  network  link  capacity  and  plant 
production  capacity  on  the  basis  of  cost  minimization.  A  series  of  numer¬ 
ical  experiments  are  performed  to  demonstrate  the  effects  of  differing 
transport  investment  policies  on  consumers,  manufacturers,  and  shippers. 
The  third  model  is  designed  to  deal  with  the  relation  of  transport  and 
production  investment  to  economic  growth.  It  attempts  to  simulate  the  es¬ 
sential  intertemporal  aspects  of  the  problem  of  allocating  investment  be¬ 
tween  transport  and  production  so  as  to  meet  the  general  social  goal  of 
increasing  consumer  goods.  It  can  thus  be  used  to  explicitly  relate  the 
goal  of  economic  growth  to  the  efficient  allocation  and  utilization  of 
resources  in  both  the  transport  and  production  sectors. 
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Bivins,  Dave,  "Use  of  a  Normative  Model  in  Urban  Highway  Network  Opera¬ 
tion  and  Network  Improvement,"  PART  III,  r68-48,  Department  of  Civil  En¬ 
gineering,  M.  I.  T.,  June  1968, 

This  paper  discusses  the  use  of  a  linear  programming  model  of  net¬ 
works  with  steady-state  flows  in  the  problem  of  urban  highway  network  op¬ 
eration  ®nd  improvement. 

The  multi  -copy  network  model  -  a  linear  programming  formulation  - 
is  compared  and  contrasted  with  the  incremental  traffic  assignment  model 
which  is  a  predictive  technique.  The  former  is  "prescriptive"  while  the 
latter  is  a  "descriptive"  model. 

The  second  part  discusses  the  application  of  the  programming  model 
to  network  flow  control  and  improvement  problems  which  would  require  care¬ 
ful  validation  of  L.P.  model  to  make  it  behave  realistically.  Three  possi¬ 
ble  techniques  of  improving  the  correlation  of  the  normative  and  predic¬ 
tive  (realistic)  flow  patterns  are  discussed: 

(1)  Levying  of  congestion  tolls  on  links 

(2)  Use  of  priorities  on  the  network 

(3)  Modification  in  the  L.P.  model  itself 

The  first  two  techniques  attempt  to  perturb  the  predicted  individual  flow 
behavior  toward  system  optimal  behavior,  while  the  last  one  uses  the  traf¬ 
fic  assignment  model  as  a  benchmark,  and  seeks  to  make  the  L.P.  model  a 
better  "predictor." 
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Volume  X 

Schwartz,  Jesse  G.,  NETWORK  FLOW  AND  SYNTHESIS  MODELS  FOR  TRANSPORTATION 
PLANNING:  A  SURVEY,  Research  Report  R68-49,  Cambridge,  Mass . iDepartment 
of  Civil  Engineering,  M.  I.  T.  (1968). 

This  survey  outlines  some  of  the  re:ent  research  advances  in  net¬ 
work  equilibrium  and  programming  models.  The  introduction  traces  their 
evolution  starting  with  Wardrop's  first  and  second  principles,  through 
the  development  of  programming  and  traffic  assignment  procedures,  de¬ 
composition,  and  network  synthesis.  The  next  section  presents  abstracts 
of  some  prominent  network  equilibrium  models,  namely,  those  of  Beckman, 
Jackson,  Lynn,  and  Tomlin.  This  is  followed  by  abstracts  of  the  network 
synthesis  models  of  Quandt,  Carter,  and  Stowers,  Hershdorfer,  Hay,  Mor- 
lok  and  Charnes,  Taborga,  and  Ochoa-Rosso.  A  summary  section  presents 
the  models  in  common  notation  to  facilitate  structural  comparisons.  The 
final  section  outlines  suggested  directions  for  further  research.  An 
extensive  bibliography  is  Included. 
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Eilverstone,  Stuart  M.  and  John  Mumford,  eiowiet.t  cj  Graohlc 

Comir.unication  in  a  Computer-Based  Transportation  Planning  Process, 
Research  Report  R68-50,  Cambridge,  Mass:  Department  of  Civil 
Engineering,  M.l.T.  (1968) 


Comprehension  of  the  Information  which  is  handled  during  a  computer- 
based  network  assignment  model  requires  the  use  of  computer-graphic  dis¬ 
play  techniques.  Experiments  are  described  which  lead  to  the  development 
of  a  man/ machine  Interactive  display  software  package  for  an  existing 
traffic  assignment  model.  The  cathode-ray  tube  screen  is  organized  to  in¬ 
clude  traditional  node  and  link  data  and  network  oriented  displays  such 
as  the  desire-line  plot,  in  addition  to  alphameric  and  analogue  graphic 
representations,  such  as  two-dimensional  line  graphs.  User  manipulation 
of  the  network  alternatives  and  dynamic  flow  displays  Increase  the  commu¬ 
nication  that  could  be  afforded  through  band-copy  or  batch  processing 
techniques.  Through  the  sequence  of  search  and  choice  in  the  planning 
process,  comparisons  can  be  made  between  alternative  solutions  or  between 
data  for  different  aspects  of  the  same  solution.  The  experiments  are  e- 
va lusted  in  the  light  of  future  research  which  can  be  undertaken  for 
graphic  communications  in  problem-solving  processes. 
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Plourde,  Rodnuy,  CONSUMER  PREFERENCES  AND  THE  ABSTRACT  MODE  MODEL,  Re¬ 
search  Report,  R68-51,  Cambridge,  Mass.:  Department  of  Civil  Engineer¬ 
ing,  M.  I.  T.  (1968). 

This  research  tests  the  Abstract  Mode  Model,  developed  by  Quandt 
and  Baumol  of  MATHEMATICA,  as  a  predictor  of  trip  generation  and  modal 
choice  in  urban  areas.  A  travel  mode  -  existing  or  as  yet  undetermined  - 
is  represented  in  terms  of  the  mode's  service  attributes,  such  as  travel, 
time,  cost,  comfort,  convenience,  etc.,  in  this  model.  Only  some  of  these 
attributes  are  directly  measurable.  This  research  is  directed  towards 
obtaining  statistical  fits  of  measurable  attributes  of  a  mode  with  re¬ 
spect  to  travel  volume,  which  in  turn  would  determine  how  successful  each 
travel  parameter  is  in  explaining  trip  making  and  consumer  preference  pat¬ 
terns  . 

The  analysis  presented  develops  the  concept  of  one  independent  tra¬ 
vel  attribute  relative  other  independent  travel  attributes.  This 
concept  is  very  useful  in  using  estimated  regression  coefficients  of  mea¬ 
surable  attributes,  obtained  from  statistical  fits,  to  analyze  consu ter 
preferences  in  travel.  The  transportation  planner  can  use  these  trade-off 
ratios  to  predict  consumer  response  to  each  attribute. 

The  analysis  presented  hera  fits  the  survey  data  in  linear  and  log- 
linear  forms,  and  for  peak-hour  and  oft  peak-hour  travel,  by  multiple  re¬ 
gression  techniques.  Attention  is  forced  on  three  directly  measurable 
modal  performance  attributes,  line-haul  travel  time,  walk  times  to  and 
from  a  travel  mode  (as  a  measure  of  comfort  and  convenience),  and  out-of- 
pocket  travel  cent,  Environmental  descriptors  of  the  traveller  and  of  th* 


0-D  nodes,  such  as  income,  age,  auto  ownership,  and  population  are  also 
included  in  the  trip  generation-modal  split  equations. 

The  fitted  equations  tend  to  indicate  that  either  the  particular 
travel  parameters  chosen  do  not  by  themselves  completely  explain  varia¬ 
tions  in  consumer  travel  behavior,  or  that  consumer  preferences  in  urban 
travel  are  random,  and  cannot  be  described  by  the  measurable  attributes 
of  a  travel  mode.  However,  general  design  implications,  such  as  the  value 
of  time  spent  in  travel  etc.,  are  significant  and  useful. 
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Bruck,  Henry  W.,  Marvin  l.  Manheim,  and  Paul  Shuldiner,  TRANSPORT  SYS¬ 
TEMS  PLANNING  AS  A  PROGRESS:  THE  NORTHEAST  CORRIDOR  EXAMPLE,  Profession¬ 
al  Paper  P67-23,  Cambridge,  ’.lass.:  Department  of  Civil  Engineering,  M.I.T. 
(1967) . 

Transport  systems  planning  is  a  complex  public  investment  process, 
because  there  are  a  variety  cf  impacts  to  be  considered,  there  are  a  mul¬ 
titude  of  actors  and  a  large  number  of  options  available.  It  is  unreason¬ 
able  to  try  and  construct  one  grand  optimization  model.  The  design  process 
must  consider  a  variety  of  procedures  and  evolution  of  the  process. 

The  next  section  of  this  report  defines  the  analysis  problem  by  enu¬ 
merating  the  range  and  variety  of  alternative  transport  systems  policies 
and  range  of  impacts  and  issues  to  be  considered  in  choosing  among  them. 

The  thi**d  section  summarises  a  proposed  model  of  the  analysis  -  the 
"Problrm-Solving  Process"  or  "PSP"  model,  which  is  a  general  framework  of 
design  rather  than  a  fixed  model.  This  model  develops  a  heirarchical  tree 
of  the  process  and  makes  explicit  use  of  goal  fc  >ric  analysis  recognizing 
explicitly  that  there  is  no  single  criterion  for  choosing  the  best  ac¬ 
tion  an'  at  generation  of  alternative  actions  is  difficult.  The  basic 
idea  is  that  one  can  talk  about  opvimal  process  and  not  an  optimal  action. 

The  fourth  section  describes  the  anticipated  process  of  analysis  in 
the  Northeast  Corridor  Transport  Systems  Planning  and  various  models  and 
procedures  under  development,  rnd  their  interrelationships.  The  NECTP  is 
modelled  as  u  seven  level  heirarchical  structure.  Some  issues  aud  problems 
of  the  actual  analysis  process  are  discusser'  ■  the  end. 
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Manheim,  Marvin  L.,  and  Frederick  Hall,  ABSTRACT  REPRESENTATION  OF  GOALS: 

A  METHOD  FOR  MAKING  DECISIONS  IN  COMPLEX  PROBLEMS,  Professional  Paper  P67- 
24,  Cambridge,  Mass.:  Department  of  Civil  Engineering,  M.  I.  T.  (1967). 

This  report  presents  a  method  for  choosing  among  alternatives  in 
complex,  multi-goal  problems.  The  method  consists  of  four  principal  steps. 
First,  list  all  the  known  goals.  Second,  determine  how  the  various  goals 
are  related  -  specification,  means  -  end,  value-wise  Independent  or  depen¬ 
dent.  Third,  determine  for  which  goals  consequences  can  be  predicted,  and 
obtain  predictions  of  those  consequences.  Fourth,  use  any  of  five  tech¬ 
niques  to  condense  this  predicted  data  through  several  stages  into  a  fi¬ 
nal  choice.  The  method  operates  on  paired  alternatives  to  produce  a  pref¬ 
erence;  it  can  be  applied  sequentially  to  all  the  alternatives  to  produce 
a  complete  preference  ranking. 
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Manheim,  Marvin  L. ,  PRINCIPLES  Or'  TRANSPORT  SYSTEMS  ANALYSIS,  Profes¬ 
sional  Paper  P67-1,  Cambridge,  Mass.:  Department  of  Civil  Engineering, 

M.  I.  T.  (1967). 

Nine  principles  for  the  analysis  of  transportation  systems  are  pre¬ 
sented.  The  primary  purpose  of  these  principles  is  to  identify  the  com¬ 
mon  threads  underlying  a  great  variety  of  seemingly  disparate  transporta¬ 
tion  problems,  and  so  to  stimulate  the  development  of  a  "transportation 
science."  The  principles  are  equally  applicable  to  urban  transportation, 
megalopolltan  transporation,  developing  country  transportation,  and  stra¬ 
tegic  mobility. 

The  first  five  principles  pertain  to  the  scope  of  the  system:  The 
components  of  a  transportation  system,  the  modes  and  movements  ip  a  sys¬ 
tem  which  must  be  considered,  and  the  nature  of  a  transportation  system 
as  a  particular  form  of  "market."  The  second  group  of  four  principles 
pertain  to  the  problems  of  analyses;  The  spectrum  of  potentially  avail¬ 
able  transportation  and  non-transportation  options,  the  objectives  of 
transportation,  and  the  relevant  impacts. 

To  illustrate  these  principles,  the  paper  concludes  with  a  discus¬ 
sion  of  their  application  to  two  specific  problems  -  urban  transportation 
and  strategic  mobility. 


329 


Volume  XVI 

Manheim,  Marvin  L.,  PROBLEM-SOLVING  PROCESSES  IN  PLANNING  AND  DE¬ 
SIGN,  Professional  Paper  P67-3,  Cambridge,  Mass.:  Department  of 
Civil  Engineering,  M.  I.  T.  (1967). 

This  paper  develops  a  general  theory  of  problem-solving  proces¬ 
ses,  particularly  applicable  to  planning  and  design,  to  attack  complex 
problems  where  the  coordination  between  the  decision  maker  and  the  com¬ 
puter  is  necessary. 

A  "Problem-Solving  Process"  (PSP)  is  defined  as  a  raan/machine 
system  interacting  with  a  problem  to  develop,  select,  Implement,  moni¬ 
tor,  and  revise  actions  in  the  real  world  which  can  be  applied  to  com¬ 
plex  problems  in  architecture,  transportation,  urban  planning  and  eco¬ 
nomic  development  planning.  The  basic  activity  of  PSP  is  to  generate 
and  choose  among  actions. 

The  basic  PSP  model  consists  of  a  sequence  of  Search,  Prediction, 
Evaluation  and  Choice  procedures.  The  basic  conceptual  principles  are: 

(1)  A  PSP  uses  a  variety  of  different  procedures. 

(2)  The  roles  of  man  and  machine  are,  generally,  dif¬ 
ferent  for  each  process  in  a  PSP. 

(3)  The  procedures  are  both  specific  and  general. 

(4)  PSP  is  a  flexible  process  and  the  sequence  of  use  of 
the  procedures  is  determined  and  adjusted  as  the  prob¬ 
lem  evolves. 

(5)  There  is  an  optimal  process;  not  an  optimal  action. 

(6)  Parallel  and  sequential  applications  of  procedures 
is  possible. 

The  idea  of  hierarchical  structure  is  developed  to  identify  different 
levels  of  planning  and  goal  formulations. 
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Johnson,  William  F.,  DECISION  THEORETIC  TECHNIQUES  FOR  INFORMATION  AC¬ 
QUISITION  IN  TRANSPORTATION  NETWORK  PLANNING,  Research  Report  R69-1, 
Cambridge,  Mass.:  Department  of  Civil  Engineering,  M.  I.  T.  January 
1969. 


The  problem  is  defined  in  terms  of  the  need  for  a  rational  proced¬ 
ure  to  allocate  resources  to  Information  acquisition  activities  in  the 
uncertain  environment  of  transportation  decision  making.  Model',  are  for¬ 
mulated  for  selecting  an  optimal  information  acquisition  activity  to  es¬ 
timate  the  current  state  of  travel  demand. 

A  general  model  is  postulated  based  on  concepts  of  statistical  de¬ 
cision  theory.  This  model  is  characterized  by  an  explicit  recognition  of 
uncertainty  over  the  true  state  of  the  real  world  system,  explicit  inclu¬ 
sion  of  the  decision  makers’  judgments  on  the  true  state  in  the  form  of 
a  prior  probability  density,  and  the  facility  to  compare  the  costs  and 
benefits  of  information  acquisition  activities  with  the  costs  and  bene¬ 
fits  of  the  investment  decision  before  the  information  is  acquired. Two 
specific  models  are  formulated  and  examined. 

A  model  for  Independent  projects  is  described  and  demonstrated  with 
a  simple  application  and  a  simulation  analysis  of  the  most  important  model 
parameters.  The  model  is  sensitive  to  the  travel  cost  savings  and  invest¬ 
ment  costs  of  project  alternatives  and  to  the  specification  of  the  deci¬ 
sion  maker's  prior  probabilities  over  the  true  state  of  the  system. 

A  network  model  is  formulated  with  a  global  demand  function.  Either 
observed  flow  counts  on  network  links  or  origin-destination  survey  re¬ 
sults  can  be  used  to  revise  the  decision  makers  prior  probabilities  over 
the  states  of  the  model  parameters.  A  variety  of  small  scale  link  count¬ 
ing  activities  ar<.  simulated  to  determine  their  chracteristics . 
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The  development  and  simulation  analyses  have  demonstrated  the 
feasibility  of  the  approach  for  prescribing  optimal  information  acqui¬ 
sition  activities.  Extensions  are  discussed  for  both  the  specific  models. 
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Guenther,  Karl  W.,  PREDICTIVE  MODELS  FOR  VEHICLE  OPERATING  CONSEQUENCES, 
Research  Report,  R69-2,  Cambridge,  Mass.:  Department  of  Civil  Engineering, 
M.  I.  T.  1969. 

Assessment  of  technological  variables,  and  their  ultimate  impact  on 
the  system,  is  an  important  but  difficult  task  in  evaluating  new  trans¬ 
portation  proposals.  The  models  presented  here  give  the  analyst,  planner, 
or  engineer  capability  to  predict  vehicle  operating  consequences.  Rele¬ 
vant  technological  variables  are  transformed  into  useful  output  -  travel 
time,  fuel  consumption,  and  maintenance  cost.  This  output  may  then  be 
used  in  evaluating  cost  and  service  perforamnce  measures,  eventually  re¬ 
lating  technology  properly  to  the  broader  questions  raised  in  transporta¬ 
tion  systems  analysis. 

Travel  time  prediction  is  based  on  the  controlling  velocity  concept. 
Average  speed  on  any  link  segment  will  be  determined  by  the  most  con¬ 
straining  of  several  possible  limits.  These  include  arbitrary  exogenous 
speed  limits,  vehicle  limitations,  route  characteristics,  traffic,  and 
random  delays.  Inclusion  of  surface  roughness  as  a  velocity  control  is 
noteworthy,  particularly  for  secondary  roads  and  off-road  operations.  The 
speed  change  method  employed  for  estimating  traffic  delays  is  also  unique. 

The  fuel  consumption  model  builds  on  the  travel  time  model.  Actual 
power  expended  is  the  Independent  predictive  variable,  and  thus  a  true 
causal  relationship  is  used  for  estimation. 

Maintenance  costs  are  predicted  by  a  third  model.  Because  of  the 
number  of  individual  variables  influencing  maintenance,  their  possible 
correlation,  and  general  intractability,  a  commutative  variable  has  been 


used  for  estimation.  With  fuel  consumption  as  the  independent  variable, 
good  results  have  been  obtained  with  linear  regression  analysis. 

The  contribution  of  this  work  is  the  assembly  of  a  complete  pack¬ 
age  for  vehicle  performance  analysis  which  is  concise,  logical,  easy  to 
use,  and  computationally  consistent.  Cross  modal  capability  is  included 
rail,  highway  and  off-road  vehicles  may  be  evaluated  using  the  same  mod¬ 
els.  Readily  available  basic  vehicle  and  link  characteristics  are  the 
only  required  input  data.  Output  is  generated  in  physical  resource  units 
which  may  be  costed  for  any  monetary  system  or  economic  environment. 


Friedlander,  Alex  Efrem,  "A  Method  of  Schedule  and  Route  Planning 

in  Urban  Mass  Transit",  Ph.D,  Thesis, 
Department  of  City  and  Regional  Planning, 
M.I.T. ,  September  1968. 


Continued  arbitrary  reductions  in  service  are  not  a 
panacea  for  the  financially  stricken  urban  public  transportation 
industry.  In  seeking  to  reduce  costs,  "it  is  not  always  realized  by 
management  that  a  cut  in  mileage  during  a  period  of  fall-off  in 
revenue  will  result  in  a  reduction  in  partronage  much  beyond  the  normal 
or  average  fall-off."  (Robert  T.  Pollock,  former  head  of  the  Department 
of  Schedules,  Cleveland  Transit  System,  chapter  2  footnote  35). 

More  attention  must  be  paid  to  making  urban  mass  transit  service 
more  attractive  in  such  a  way  that  the  cost  of  doing  so  will  be  equal  to 
or  less  than  the  additional  revenue  encouraged.  To  do  this,  new  methods 
of  data  collection  and  analysis,  and  new  approaches  to  service  decisions, 
based  on  a  better  understanding  of  the  costs  of  such  decisions  and  of  why 
the  urban  traveler  chooses  to  make  (cr  not  make)  his  trips  as  he  does, 
must  be  developed. 

This  thesis  develops  such  new  methods  and  approaches.  The 
pioposed  method  of  Schedule  and  Route  Planning  is: 

1)  Market  oriented,  focusing  on  the  sensitivity  of  demand  as 
well  as  cost  to  changes  in  service,  and  on  the  potentially  profitable 
demand  for  new  or  improved  transit  service.  Relationships  are  found 
to  exist  between  level  of  service  and  transit  usage  (chapter  5).  These 
relationships  can  be  measured,  and  applied  to  decisions  on  level  of 
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service  in  manner  that  will  enable  the  determination  of  an  "optimum," 
or  at  least  better,  level  of  service  for  the  desired  objectives 
in.aximum  profit,  maximum  number  of  passengers,  etc.). 

2)  Based  on  incremental  analysis,  making  use  of  marginal  cost 
analysis  (chapter  6).  The  marginal  (added)  cost  of  a  service  increment 
is  found  to  vary  from  route  to  route  and  change  ot  change,  depending 

on  a  number  of  factors;  it  is  always  less  than  the  average  accounted 
cost. 

3)  Systematic  (as  defined  in  chapter  3),  drawing  on  the 
discipline  of  Systems  Analysis  to  make  what  is  now  an  essentially 
disorganized,  inconsistent  art  (chapter  2)  into  a  systematic,  consistent 
science  capable  of  being  programmed  for  the  computer. 

It  is  hoped  that  the  new  approaches  and  findings  in  this  thesis 
will  inspire  further  efforts  along  similar  lines  in  and  out  of  the  transit 
industry.  In  particular,  the  effect  of  service  changes  on  demand; 
the  adaptation  of  the  model  to  the  computer;  and  the  improvement  of  data 
collection  procedures  in  the  industry  are  suggested  as  fruitful  areas 
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Hall,  Frederick  L.,  "A  Method  for  Dealing  with  Complex  Goals  and  Indefinite 

Utilities  in  Decision  Problems",  S.M.  thesis,  Alfred 
I.  Sloan  School  of  Management,  M.I.T.,  May  1967. 


The  problem  undertaken  in  this  study  is  to  determine  a  practical 
method  for  choosing  among  alternatives  in  complex  decision  problems  in 
which  the  decision  maker  can  not  formulate  a  comprehensive,  well-defined 
utility  function  over  the  entire  set  of  goals,  nor  can  he  produce  a 
concise,  well-defined  utility  function  over  each  one  of  the  goals 
separately.  The  method  produced  involves  pairwise  comparision  of  alternatives, 
and  relies  on  two  things:  the  goal  fabric,  defined  by  a  detailed  analysis 
of  the  goals  and  the  relations  between  them;  and  utility  functions  of 
various  orders  over  each  goal  or  group  of  goals.  At  any  given  time  the 
state  of  the  method  is  defined  by  these  two  things  plus  the  ranking  of  the 
previously  evaluated  alternatives.  The  entire  state  of  the  method  is 
subject  to  revision  every  time  the  method  is  used:  when  a  new  alternative 
is  entered  into  the  method,  the  output  is  a  revised  ranking  of  alternatives 
to  include  this  one:  in  addition,  it  is  possible  that  the  data  gathered 
while  evaluating  this  alternative  r;ill  indicate  changes  to  be  made  in  the 
goal  fabric  or  in  the  utility  functions. 

To  construct  the  goal  fabric,  we  determine  the  relations  between 
goals,  and  use  these  to  place  the  goals  in  a  hierarchical  ordering. 

There  are  four  possible  types  of  relations.  (1)  Means-end,  and  (2) 
particularization-inclusion  are  used  to  define  the  hierarchical  ordering; 

(3)  value-wise  dependence  or  independence  and  (4)  direct  connection  or 
vector  connection  are  defined  between  goals  that  have  been  placed  on  the 
same  hierarchical  level. 
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To  assist  in  placing  a  utility  function  on  each  goal,  we  specify 
seven  orders  of  utility  measures.  These  are  based  on  either  the  ordinal 
or  the  interval  scale,  and  ordered  according  to  the  precision  of  estimate 
each  measure  involves. 

The  basic  procedure  in  the  method  is  to  obtain  predicted  consequences 
for  one  alternative,  and  then  map  these  consequences  onto  the  goal 
fabric.  Each  consequence  will  map  onto  one  or  several  goals;  the  set 
of  consequences  will  map  onto  goals  on  several  levels  of  the 
hierarchy. 

Call  these  the  active  goals.  Using  the  utility  functions,  calculate 
the  valuations  for  each  of  the  active  goals.  Check  for  dominance 
(l.e.,  A  preferred  to  B,  B  to  A,  or  A  is  indifferent  to  B)  between 
this  alternative  and  a  previously  evaluated  one,  with  respect  to 
these  active  goals.  If  there  is  no  dominance,  combine  the  valuations  on 
the  lowest  level  active  goals  to  determine  the  valuations  of  the  new 
alternative  on  the  next  level  goals  composed  of  these.  If  low  orders 
of  utility  measures  are  used  in  the  valuations,  it  may  not  be  possible  to 
combine  them.  It  will  then  be  necessary  to  increase  the  order  of 
utility  measure  by  one  or  several  orders.  Check  again  for  dominance 
after  moving  up  a  level.  If  there  is  none,  repeat  the  combining  step 
to  go  up  tint  more  level  in  the  goal  fabric.  Tiiis  is  continued  until 
dominance  of  one  alternative  over  the  other  is  found.  The  method  will 
then  have  produced  a  ranking  of  these  two  alternatives.  This  can  be 
repeated,  if  necessary,  with  other  alternatives  to  produce  a  definite 
ranking  of  all  the  alternatives. 
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Hall,  Frederick  L.,  "A  Method  for  Dealing  with  Complex  Coals  and  Indefinite 

Utilities  in  Decision  Problems",  S.M.  thesis,  Alfred 
P.  Sloan  School  of  Management,  M.I.T.,  May  1967. 


The  problem,  underta  en  in  this  study  is  to  determine  a  practical 
methoc  for  choosing  among  alternatives  in  complex  decision  problems  in 
which  the  decision  maker  can  not  formulate  a  comprehensive,  well-defined 
utility  function  over  the  entire  set  of  goals,  nor  can  he  produce  a 
concise,  well-defined  utility  function  over  each  one  of  the  goals 
separitely.  The  method  produced  involves  pairwise  comparision  of  alternatives, 
and  relies  on  two  things:  the  goal  fabric,  defined  by  a  detailed  analysis 
of  the  goals  and  the  relations  between  them;  and  utility  functions  of 
various  orders  over  each  goal  or  group  of  goals.  At  any  given  time  the 
state  of  the  method  is  defined  by  these  two  things  plus  the  ranking  of  the 
previously  evaluated  alternatives.  The  entire  state  of  the  method  is 
subject  to  revision  every  time  the  method  is  used:  when  a  new  alternative 
is  entered  into  the  method,  the  output  is  a  revised  ranking  of  alternatives 
to  include  this  one:  in  addition,  it  is  possible  that  the  data  gathered 
while  evaluating  this  alternative  will  indicate  changes  to  be  made  in  the 
goal  fabric  or  in  the  utility  functions. 

To  construct  the  goal  fabric,  we  determine  the  relations  between 
goals,  and  use  these  to  place  the  goals  in  a  hierarchical  ordering. 

There  are  four  possible  types  of  relations.  (1)  Means-end,  and  (2) 
particularization-inclusion  are  used  to  define  the  hierarchical  ordering; 

(i)  value-wise  dependence  or  independence  and  (4)  direct  connection  or 
vector  connection  are  defined  between  goals  that  have  been  placed  on  the 
same  hierarchical  level. 


To  assist  in  placing  a  utility  function  on  each  goal,  we  specify 
seven  orders  of  utility  measures.  These  are  based  on  either  the  ordinal 
or  the  interval  scale,  and  ordered  according  to  the  precision  of  estimate 
ear’'  measure  involves. 

The  basic  procedure  in  the  method  is  to  obtain  predicted  consequences 
for  one  alternative,  and  then  map  these  consequences  onto  the  goal 
fabric.  Each  consequence  will  map  onto  one  or  several  goals;  the  set 
of  consequences  will  map  onto  goals  on  several  levels  of  the 
hierarchy. 

Call  these  the  active  goals.  Using  the  utility  functions,  calculate 
the  valuations  for  each  of  the  active  goals.  Check  for  dominance 
(l.e.,  A  preferred  to  B,  B  to  A.  or  A  is  indifferent  to  B)  between 
this  alternative  and  a  previously  evaluated  one,  with  respect  to 
these  active  goals.  If  there  is  no  dominance,  combine  the  valuations  on 
the  lowest  level  active  goals  to  determine  the  valuations  of  the  new 
alternative  on  the  next  level  goals  composed  of  these.  If  low  orders 
of  utility  measures  are  used  in  the  valuations,  it  may  not  be  possible  to 
combine  them.  It  will  then  be  necessary  to  increase  the  order  of 
utility  measure  by  one  or  several  orders.  Check  again  for  dominance 
after  moving  up  a  level.  If  there  is  none,  repeat  the  combining  step 
to  go  up  one  more  level  in  the  goal  fabric.  This  is  continued  until 
dominance  of  one  alternative  over  the  other  is  found.  The  method  will 
then  have  produced  a  ranking  of  these  two  alternatives.  This  can  be 
repeated,  if  necessary,  with  other  alternatives  to  produce  a  definite 
ranking  of  all  the  alternatives. 


Hall,  Gunnar,  "Generation  of  Improvements  in  Urban  Transportation  Systems: 

A  Multi-modal  Approach  with  Identification  of  Impacts  on 
Different  User  Groups."  C.E.  Thesis,  Department  of  Civil 
Engineering,  M.I.T.,  June  1968. 


A  framework  is  developed  and  implanted  for  urban  transportation 
planning  incorporating  the  multidimensional  nature  of  objectives.  The 
model  developed  for  network  analysis  and  design  generates  the  investment 
plan  for  the  highway  system.  This  plan  is  a  selective  subset  of  a  large 
set  of  pre-specif ied,  feasible  link  improvement  projects.  System  benefits 
are  determined  successively  in  more  refined  form  and  provide  the  basis  for 
selection  of  potential  improvements  for  the  plan.  A  near  maximum  reduction 
in  total  user  costs  over  the  multimodal  system  is  obtained  for  the  given 
set  of  constraints. 

The  trip  generation  rates  to  be  inputed  in  the  multi-modal  analysis 
model  are  assumed  available  from  existing  models,  and  may  be  specified  as  a 
function  of  zone  accessibility  measure  developed.  The  travel  demand  model 
is  not,  at  present,  integrated  into  the  framework.  The  general  fvamework 
uses  submodels  developed  for  the  determination  of  minimum  paths  through 
public  transportation  (multimode),  for  the  determination  of  value  of  time 
to  different  user  groups  for  modal  split  and  assignment  and  heuristic  sources 
for  potentail  project. 

The  analysis  of  the  network  determines  the  user  costs  consisting  of 
out-of-pocket  and  time  costs.  The  incidence  of  costs  and  benefits  on  users 
from  different  zones  and  income  groups  is  explicitely  identified. 

The  nonquantif iables  like  social,  political,  aesthetic  impacts 
are  considered  at  an  early  stage  in  the  planning  process  to  identify  their 
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influence  of  the  selection  of  projects.  The  differential  incidence  of 
benefits  on  different  user  groups  (income  groups)  has  been  considered  as  a 
major  concern.  The  framework  develops  this  impact  for  a  given  network  and  pro¬ 
vides  the  planner  with  the  capability  to  generate  alternative  plans 
of  investment  with  any  (feasible)  desired  distribution  of  benefits  which  are 
"near  optimum." 
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Ichikawa,  Yoshihiro,  "Economic  Conditions  for  Adopting  Serial  Parking 

System",  S.M.  Thesis,  Department  of  Civil  Engineering, 
July  1968. 


Parking  is  still  a  big  problem  in  the  cities,  although  more  than 
forty  years  have  passed  since  it  became  one  of  the  biggest  public  concerns 
in  the  United  States  in  1920* s.  The  increasing  tendency  of  parking  demand 
will  continue  as  far  as  the  city  goes  on  growing. 

!  In  order  to  relieve  the  parking  problem,  many  proposals  have  been 
made.  As  a  possible  method,  this  study  proposes  the  serial  parking 
based  on  standardized  leased  cars,  by  which  each  downtown  garage  can 
accommodate  twice  to  three  times  as  many  as  cars  by  the  conventional 
random  parking  based  mainly  on  privately  owned  cars,  and  determines  the 
economic  conditions  for  the  serial  parking  to  be  preferable  to  the  random 
parking. 

When  a  car  is  used  primarily  for  commuting  to  the  CED — most  down¬ 
town  parkers  belong  to  this  type  of  users — the  total  annual  cost  which 
the  user  will  spend  consists  of  the  vehicle  operating  cost  and  the  park¬ 
ing  cost,  of  which  the  latter,  in  some  cases,  may  be  paid  bv  the  organ¬ 
ization  which  the  user  belongs  to. 

In  order  for  the  serial  parking  system,  which  is  based  upon  stan¬ 
dardized  leased  cars,  to  be  economically  preferable  to  the  conventional 
random  parking  system,  which  is  based  mainly  upon  privately  owned  cars, 
the  total  annual  cost  of  the  former  has  to  he  lower  than  that  of  the 
latter.  The  vehicle  cost  of  a  leased  car  is  generally  higher  than  that 


34  1 

of  a  privately  owntd  car  and  the  cost  difference  is  almost  fixed,  and 
the  parking  cost  of  the  serial  parking  is  lower  than  that  of  the  random 
parking  and  the  cost  difference  depends  upon  such  factors  as  land  cost, 
interest  rate,  and  number  of  levels  of  a  garage.  Therefore,  the  parking 
cost  under  the  various  conditions  determines  the  economic  preferability 
of  the  serial  parking  system  with  standardized  leased  cars. 

Both  the  parking  cost  and  the  vehicle  cost  vary  depending  upon  the 
vehicle  size,  so  four  types — smaller  foreign  car,  compact  car,  inter- 
mediate  car,  full=sized  car — are  examined  individually.  In  case  of  a 
privately  owned  car,  the  vehicle  use  types — whether  the  car  is  bought 
new  or  used  nad  how  long  the  car  is  used— are  also  taken  into  consider¬ 
ation.  The  parking  cost  also  depends  upon  the  garage  type — cor  itercially 
operated  garage  or  privately  operated  garage,  so  the  two  types  are  examined 
individually. 

The  detailed  examination  of  each  item  which  constitutes  the  parking 
and  vehicle  costs  is  made,  and  it  is  tried  to  use  the  average  or  standard 
values  for  the  decision  of  each  cost  item  as  much  as  possible.  Therefore, 
the  results  will  be  able  to  be  applied  all  over  the  United  States. 

The  results  show  that  when  smaller  cars  are  used  as  standardized 
leased  cars  the  serial  parking  system  is  economically  preferable  to  the 
random  parking  system  even  in  the  case  where  both  the  land  cost  and  the 
interest  rate  are  comparatively  low  (land  cost  lower  than  about  $20  per 
square  foot,  interest  rate  lower  than  about  8%) ,  and  when  compact  or 
intermediate  cars  are  used  as  standarized  leased  cars  the  system  is 
economical ly  preferable  only  in  the  case  where  both  the  land  cost  and 
the  interest  rote  are  comparatively  high  (land  cost  higher  than  about 
$40  per  square  foot,  interest  rate  higher  than  about  I2i),  but  the  serial 
parking  system  with  leased  full-sized  cars  ts  in  general  econort leal t v 
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Mori,  Yasuo,  "A  Highway  Investment  Planning  Model:  An  Application  of 
Dynamic  Programming.”  S.M.  Thesis,  Department  of  Civil 
Engineering,  June  1968.. 


Dynamic  programming  technique  is  applied  to  highway  investment 
planning  incorporating  the  three  basic  characteristics  often  not  considered 
exhaustively  in  existing  allocation  models.  These  characteristics  are: 

(1)  Dynamic  treatment  of  planning 

(2)  Divisibility  of  project 

(3)  Discreteness  of  investment  level. 

The  paper  develops  a  method  which  will  search  for  the  optimal 
allocation  policies  which  maximize  the  total  utility  of  highway  investments. 
When  a  set  of  proposed  projects  and  available  funds  in  each  period  are 
given  the  order  of  priority  on  construction  among  the  projects,  and  the 
more  exact  investment  plan  which  determines  the  investment  schedule  in 
time  are  both  treated  in  this  model. 

One-dimensional  and  two-dimensional  dynamic  programming  modules 
are  developed  which  implement  all  of  the  requirements  mentioned  earlier. 

The  model  also  enables  the  designer  to  introduce  stage  construction  as 
an  alternative  to  the  construction  planning  of  each  project. 


